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Abstract 
Magnesium (Mg) and its alloys have attracted much interest of the researchers all 
over the word, since they have light weight and can be used to protect the environment. 
However, Mg alloys always have poor ductility at room temperature due to the 
insufficient slip systems. The non-basal slip is very difficult to be activated in pure Mg 
and other commercial Mg alloys with strong basal texture. To solve this problem, 
rare-earth (RE) elements are added into pure Mg and the ductility has been obviously 
improved. Among the Mg-RE alloys, Mg-Y binary alloy is one good series. Due to the 
relatively low price of yttrium (Y) in comparison to other RE elements, Mg-Y alloys 
have been proved to have good ductility at room temperature. Besides undertaken static 
loading, Mg-Y alloys are also requested to serve as a structural material under cyclic 
loading. Thus, the fatigue failure mechanisms are the key factors on the fatigue behavior 
of Mg-Y alloys. To investigate the specific fatigue failure process, it is important to 
know the dislocation plasticity before crack initiation. With the analysis of dislocation 
plasticity during fatigue cycles, the origin of fatigue failure in Mg-Y alloys can be 
revealed and the methods of enhancing the fatigue properties can be put forward.  
In this work, the fatigue failure mechanisms of Mg-Y dilute alloys have been 
studied based on the dislocation plasticity. The tested samples contained strong basal 
textured pure Mg and AZ31 alloy, and weak basal textured Mg-Y alloys with different Y 
contents. Different homogenization treatment conditions were applied to obtain 
fine-grained Mg alloys with average grain size below 10 μm and large-grained Mg 
alloys with average grain size above 180 μm. The uniaxial tensile test, stress-controlled 
fatigue test and cyclic tensile test were all performed at room temperature. The surfaces 
and cross-sections of the tested samples were observed by optical microscopy (OM), 
scan electron microscopy (SEM), electron backscatter diffraction (EBSD), focus iron 
beam (FIB) and transmission electron microscopy (TEM).  
In the case of fine grains, AZ31 alloy has the highest fatigue limit, followed by 
1.0Y, 0.6Y and 0.06Y alloys. The fatigue limit of all tested samples is between 
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microyielding stress and macroyielding stress. There is a good relation between fatigue 
limit and yield stress. Higher yield stress corresponds to higher fatigue limit. Also, one 
equation of p = - β  logN + C can be used to evaluate the cyclic strain hardening. The 
constant β represents the speed of strain hardening and it can be used as a parameter to 
evaluate fatigue limit. Higher β value corresponds to lower fatigue limit. Only the basal 
slip occurs below fatigue limit while the non-basal slip occurs above fatigue limit. The 
non-basal slip is the origin of fatigue failure in Mg alloys with fine grains. The higher 
activity for the non-basal slip induces the early fatigue failure in Mg-Y alloys.  
In the case of large grains, AZ31 has the highest fatigue limit, followed by 1.0Y, 
0.6Y, 0.06Y and pure Mg. The fatigue limit of all tested samples is below their 
corresponding macroyielding stress. Although the relations between fatigue limit and 
mechanical properties are roughly matched each other, the relations are not in a linear 
behavior. Inversely, the equation of p = - β  logN + C can be still applied to evaluate 
the fatigue properties. The β constant obtained from cyclic tensile test has an excellent 
relation with fatigue limit. Higher β constant corresponds to lower fatigue limit. Only 
the basal slip occurs below fatigue limit while the non-basal slip occurs above fatigue 
limit. The non-basal slip is the origin of fatigue failure in Mg-Y series while double 
twinning is the origin of basal textured AZ31 alloy.  
The same points between the results of fine-grained alloys and large-grained alloys 
contain: The fatigue limit of the tested samples is below their corresponding 
macroyielding stress. The equation of p = - β  logN + C can successfully employed 
to both the cases of fine-grained and large-grained Mg alloys. The constant β has a good 
relation with fatigue limit in both cases of fine and large grains. Only the basal slip 
occurs below fatigue limit while non-basal slip occurs above fatigue limit.  
The different points between the results of fine-grained alloys and large-grained 
alloys contain: Grain refinement can improve fatigue limit. In fine grains case, the 
relation between β and fatigue limit is lying on the same slope, due to the non-basal 
being easily activated in fine grains. In large grains case, higher activity for the 
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non-basal slip leads to more serious strain hardening in Mg-Y alloys. The pyramidal slip 
is the origin of fatigue failure in Mg-Y alloys while double twinning is the origin in 
AZ31 alloy.  
The novel points of this work contain: 1) Although pyramidal slip is treated as a 
positive deformation mode under uniaxial loading based on many previous reports, 
pyramidal slip is found to be the origin of fatigue failure of Mg-Y alloy. To serve as a 
structural material, the pyramidal slip of Mg-Y dilute alloy should be paid attention in 
the future application. 2) Although weak basal textured Mg-RE alloys are of better 
plasticity compared to strong basal textured Mg alloys, the high activity for pyramidal 
slip increases the possibility of serious strain hardening during fatigue cycles. And the 
enhanced strain hardening leads to unexpected fatigue failure of Mg-RE alloys. 3) 
Although the yield stress or ultimate tensile strength is used to predict the fatigue limit 
in most structural metals, it is lack of the consideration of grain size and texture. In the 
present work, it is the first time found that the β constant for cyclic strain hardening can 
match fatigue limit very well in both cases of fine and large grains and in both cases of 
strong and weak texture.  
In summary, although the non-basal slip promotes the ductility of Mg-Y alloys 
under static loading, the non-basal slip can induce heavy strain hardening. With the 
fatigue cycle number increasing, the cyclic strain hardening is accumulated and finally 
leads to the fatigue failure. It is suggested that the non-basal slip should be considered 
as the key factor during the application of Mg-Y alloys under cyclic loading or fatigue 
cycles.  
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Chapter 1 Introduction  
1.1 Mg and its alloys  
1.1.1 Basic characteristics of Mg alloys  
Magnesium and its alloys are the lightest metal structural materials in the world at 
present, has low density, specific strength and stiffness than high stability and good 
performance, parts machining size, good thermal conductivity, good damping vibration 
and electromagnetic shielding effect, easy recycling, etc, in the aerospace, automotive, 
electronics, computers, communications and home appliances industry has many years 
history in application [1-3]. Magnesium is one of the most widely distributed in nature 
element, the earth's crust contains elements of the eighth, contains metal elements of the 
sixth. The density of pure magnesium was 1.74 g/cm3, usually the density of magnesium 
alloy is 1.3~1.9 g/cm3, only equivalent to two-thirds of aluminum alloy [4, 5].  
Due to the material preparation, processing technology, corrosion resistance and 
the restriction of such factors as price, magnesium alloys, especially the application of 
magnesium alloy is still far behind the steel and aluminum alloy [6]. In the field of 
material does not have any material such as magnesium, its development potential and 
there is so much difference between the status quo of the application. However, in 
recent years, the increasing requirements of environmental protection and auto 
lightweight and an increasingly tense energy, greatly stimulated the rapid development 
of magnesium industry, magnesium alloy used in the world within the scope of the 
annual growth rate as high as 20%, showing great application prospect, so someone will 
magnesium alloy as the “21st century green engineering metals” [7, 8].  
Because of the difference of plastic deformation of magnesium alloys, magnesium 
alloy is the bottleneck of processing and application, so the research on its application to 
improve the processing performance of magnesium alloys has very important theoretical 
and practical value, the current main research direction: 1) change the material to refine 
the grain size or change the crystal structure, such as adding rare earth elements, adding 
suitable amount of lithium and indium, etc; 2) does not change the material composition, 
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but the application of new processing technology or change type to improve toughness 
[9]. The first approach is often at the cost of materials, manufacturing difficulty and 
safety etc. There is a big promoted resistance, although the second approach has a great 
potential in engineering application promotion [10].  
Although the structure characteristics of magnesium and its alloys make the 
preparation of magnesium alloy material is very difficult, but the excellent properties of 
magnesium alloy and in different areas of the special purpose makes it indispensable to 
magnesium alloy in the field of materials research and development is an important 
component [11]. The magnesium alloy research focus is on: 1) change the alloy 
composition and organization, to improve the capability of plastic deformation [12]. The 
main methods include fine grains and adding alloying elements. 2) the research of 
magnesium alloy processing technology, mainly includes the optimization of process 
parameters, design reasonable process flow and form a complete set of production tools, 
the development of new processing methods, such as the large extrusion ratio sheet 
extrusion and rapid solidification, etc. With the current mature production technology 
and some are developing technologies, plastic deformation technology such as 
magnesium alloy extrusion and rolling more challenging, because it can get higher 
strength, greater ductility and mechanical properties of more diversified. 3) strengthen 
the deformation of the regeneration technology of magnesium alloys research, realize 
the sustainable development of magnesium alloy [13, 14].  
 
1.1.2 Applications of Mg alloys  
    Magnesium alloy has become in the aerospace, automotive, electronics and other 
industrial materials cannot be replaced. In the aerospace industry, magnesium alloy has 
been used in the manufacture of aircraft, engine parts and so on dozens of parts [15]. In 
the auto industry, magnesium alloy can be used to make the clutch shell, gearbox shell 
and cover, engine cover, inside the door panel, steering wheel and steering stents, chairs, 
panel frame, brake stents, valve, cylinder head and cylinder block, etc. More than 60 
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kinds of auto parts has been adopted or are development and application of magnesium 
alloy. Magnesium alloys can also be used to create a laptop shell, mobile phone shell, 
optical instruments, etc [16].  
    Of magnesium alloys are widely used in aerospace, is due to the characteristics of 
low density, high specific strength of magnesium alloy, its very early has been applied 
in the aerospace industry, but its easy to corrosion (especially the galvanic corrosion) 
and limits its popularization scope to a certain extent. In terms of the aerospace 
materials, weight loss and structure bearing structure and function integration is the 
important direction of airframe structure material, magnesium as the lightest metal 
structure material, has a huge potential [17, 18].  
    The application of magnesium alloys in automobile industry, has the following 
advantages: 1) raise fuel economy standards, reduce emissions and fuel costs;2) quality 
to reduce, increase the loading capacity of the vehicle and payload, improve braking and 
acceleration performance;3) improve the vehicle noise, vibration phenomenon [19]. In 
addition, the deformation of the magnesium alloy is excellent and energy absorption 
ability is greatly increased performance and security; Magnesium alloy die casting has 
the advantages of forming a combination can be a variety of parts forming, this way 
instead of many individual components greatly improved productivity, but also to 
reduce manufacturing and assembly errors and decreases the friction between the parts 
and vibration, effect of reducing the noise of a vehicle. Magnesium alloy in computer, 
communications, electronics and weapons and so on also has a broad application. At the 
same time, in the electrochemical industry, chemical industry, metallurgy industry, 
magnesium alloy is also very common [20-22].  
 
1.2 Deformation mechanisms of Mg alloys 
1.2.1 Dislocation slip  
    Dislocation slip and twinning are the main plastic deformation mechanisms of Mg 
alloys at room temperature. As shown in Fig. 1-1, the main slip systems contain basal 
10 
 
<a> slip, prismatic <a> slip, pyramidal <a> slip and pyramidal <c+a> slip. Among 
these slip systems, as pyramidal <a> slip can be treated as the combination of basal <a> 
slip and prismatic <a> slip, the most common pyramidal slip is the second order 
pyramidal <c+a> slip.  
    Under the action of shear stress, part of a crystal with along certain directions for 
part of the wafer relative motion, is called a slip. The crystal, crystal is called a slip 
plane and sliding direction. Each on the surface of the slip plane and the combination of 
a crystallographic direction is called the slip system. When under the effect of the 
outside world, the shear stress reaches its critical slip system suffered cutting critical 
resolved shear stress (CRSS), the slip system could be activated. As shown in Fig. 1-2, 
the CRSS of non-basal slip behaves much higher than basal slip and {10-12} tension 
twinning at room temperature or warm temperature. Only at elevated temperature, the 
CRSS of non-basal slip would be reduced to nearly equal to that of basal slip [23-29].  
    Based on the mentioned above, at room temperature, magnesium, and most of its 
six-party structure due to its close, only a tiny slip system, the plastic deformation 
capacity constrained. When high temperature (above 498 K), magnesium alloy 
additional slip plane starts, the shaping of magnesium is greatly increased; At the same 
time due to the recovery and recrystallization softening mechanism, magnesium and 
magnesium alloy presents excellent plasticity, so the magnesium and magnesium alloy 
under the high temperature pressure processing [13, 26].  
    As a basis for the sliding surface (0001) crystal plane, and at the same time is also 
close surface, its essence is a dislocation in the slip plane (0001) crystal plane, slip 
direction for the crystal to slip. As shown in each group has three base surface sliding 
direction, so the base on the existing three slip system. But if with superposition, can get, 
so the base sliding in fact only two independent slip system [18, 19].  
Another common slip system in magnesium alloys for b = a/3 dislocation slip 
system on the cylinder, called prism surface. One slip system, as shown in Fig. 1-1, 
prismatic plane slip system can according to the sliding surface is divided into two 
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different kinds, namely and slip, the sliding direction of the two are the crystallographic 
orientation. So this type of slide has two independent slip systems. But at a lower 
temperature, the sliding mode of the critical cutting stress greater than base plane a slip, 
therefore not easy to activate at room temperature. However, in the high temperature 
and fine grain (grain size below 10 μm), under the condition of prismatic surface a slip 
on plastic deformation has an important contribution. Basal slip system and the surface 
of the prism slip system can provide total four independent slip system, do not meet the 
Von Mises criterion, in which the five independent slip system requirements [30, 31]. 
Therefore, in order to get good and uniform plastic deformation ability, need to start up 
twin mode or its potential full slip system [32].  
Cone slip in magnesium and magnesium alloys can be divided into a slip and c + a 
slip. A slip dislocation cone are a total of four slip system, but also can be thought of as 
base a slip and the surface of the prism a slip (slip), the result of the interaction between 
does not provide new independent slip system. The pyramidal dislocation is common 
total dislocation of magnesium alloys, with its vector value is bigger, its CRSS is bigger, 
not easy to start, generally in the compression presents its importance, as well as the 
most important magnesium cone slip system. When the deformation temperature is high 
enough, or when grain size is fine enough to pyramidal dislocation slip will be activated 
[17, 33].  
 
1.2.2 Twinning behavior  
Besides dislocation slip, twinning is also one of the main deformation mechanisms 
in Mg alloys, like {10-12} tension twinning and {10-11} compression twinning [22]. At 
low temperature, the plastic deformation of magnesium alloys depend on the base plane 
slip and twin coordinating role, and according to the different material microstructure 
and deformation conditions, both the function and contribution of plastic deformation 
are also different. Understand twin in deformation and annealing process on the 
microstructure and mechanical properties of magnesium alloys, the effect of plastic is 
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crucial to improve the low temperature of magnesium alloy. In the process of metal 
plastic deformation, twin cutting variables are generally far less than the slip, therefore, 
direct contribution of crystal plastic deformation twin itself is not big. But the function 
is the regulation of twin crystal orientation and release of stress concentration, stimulate 
further slip, the slip and twin alternates, so you can make the material in the 
circumstance that does not break larger deformation. In the process of deformation, 
when twin reaches a certain proportion, can also occur within the initial twin secondary 
slip and the second twin, the secondary slip and the second twin can bring large strain, 
makes the slip - twin and twin - twin interactions become feasible from the energy. For 
HCP metals, the low temperature deformation twin is a kind of important ways. At room 
temperature under tensile deformation, dislocation in low strain hardening zone is the 
main form of edge dislocation dipole belt, did not find the dislocation of the Burgers 
was not base vector. Organization in high work hardening, deformation is mainly 
composed of twin and dislocation network. The plastic deformation of magnesium in 
the twin's role is as follows: 1) the twin changed the grain orientation, makes 
unfavorable to slip the crystallographic orientation of benefit; 2) make the grain 
boundary can better meet the elastic strain incompatibility between adjacent crystal 
grain; 3) promote the interaction between twin, secondary or higher order twin, so as to 
improve the overall of the alloy plasticity; 4) release the local stress, reduce crack 
nucleation, and crack tip, the crack extension; 5) coordinate with slip effect, activate the 
cone slip system; 6) become dynamic recrystallization nucleation, enlarge the 
temperature range of dynamic recrystallization, refine the grain, improve alloy uniform 
plastic deformation ability [34-36].  
    At room temperature on the surface of the plastic deformation of magnesium alloys 
is limited to basal {0001}<11-20> slip and {10-12}<10-11> tension twinning. Twinning 
can provide strain along c-direction, the deformation of the magnesium alloy twin 
mainly has two modes: one is {10-12} tensile twin [37], that is parallel to the axis c in 
tension or compression of c axis is perpendicular to the direction, the minimum cutting 
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variables, most likely to be activated in the deformation, easily occurs in the early stage 
of deformation, accommodate the strain caused by slip and has a role in regulating, the 
twin pattern occurs with the sudden drop of stress; {10-11} compression twin, that is 
parallel to the c axis compression or generated when the c axis is perpendicular to the 
tension, its due to excessive CRSS at room temperature is not easy to start, mainly 
formed in the late deformation, occurs not accompany the stress drop, can produce local 
deformation caused fracture source [22].  
    For {10-12} tension twin, it is the most common twin and is studied the most in the 
published reports. It is known that {10-12} twins act as different roles in the 
deformation of Mg alloys. Usually, {10-12} twinning is activated when the grain c-axis 
is parallel to the tensile stress direction or perpendicular to the compressive stress 
direction [25, 26]. Taking compression test as an example, {10-12} twins are largely 
formed when compressive loading is applied along the rolling direction (RD) or 
extrusion direction (ED) of wrought Mg alloys. These {10-12} twins can introduce 
additional interfaces which act as barriers for further dislocation movement and thus 
contribute to strain hardening [27-30]. In contrast, the Young’s modulus is reduced as 
soon as the generation of {10-12} twinning. The grains would rotate by 86° with the 
assistance of {10-12} twins. New slip systems are then activated due to the new 
orientations of rotated grains, which facilitates plastic deformation and strain softening 
[21].  
 
1.3 Mg-RE alloys  
1.3.1 Advantages of Mg-RE alloys  
To satisfy the requirements of the lightest structural materials currently, 
magnesium (Mg) and its alloys have been attracted for their excellent specific properties 
[38]. However, their widespread application is restricted because of their hexagonal 
close-packed (HCP) structure [2-5]. For conventional hot-rolled Mg alloy sheets, the 
strong basal texture limits their formability seriously. Common deformation or 
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annealing methods can not weaken the basal texture or make it dispersed [8]. The 
current problem of applying Mg alloys is the poor plasticity at room temperature. The 
main reason is the insufficient slip systems at room temperature. Also, there are 
additional reasons, like common hot-rolling gives rise to a strong basal texture and 
double twins lead to final failure. Now, to solve the problem, it is successful to add 
rare-earth element to Mg alloys. This can lead to grain refinement and texture 
weakening. Among the various Mg-RE alloys, Mg-Y series is studied a lot [39-41].  
 
1.3.2 Grain refinement by RE addition  
    Fig. 1-3 shows the typical OIM maps of pure Mg, AZ31 and Mg-5Y alloys [37-39]. 
It is seen Mg-Y alloy has smaller grain size than pure Mg and AZ31. The reason is that 
Y addition can retard grain boundary migration during casting, grains cannot grow 
larger. Then grain refinement is obtained.  
    In previous reports, the specific mechanisms for the grain refinement of Mg-RE 
alloys have been stated. Most of the atomic radius of rare earth elements closer to the 
magnesium atoms, thus in the magnesium solid solubility, high in the large or a small 
amount added to the magnesium alloy as alloying elements with excellent solid solution 
strengthening and precipitation strengthening effect, effectively improve the alloy 
microstructure and organization, significantly improve the alloy's mechanical properties, 
especially mechanical properties under high temperature, the improvement of heat 
resistance and corrosion resistance, etc. At the same time because of the magnesium 
alloy rare earth atom diffusion, effectively delay the recrystallization process of 
magnesium alloy, the consistent with magnesium alloy recrystallization temperature rise. 
In addition, the rare earth elements also has excellent ageing strengthening effect, under 
a certain heat treatment process can precipitate balance of dispersed phase particles and 
the alloy of high temperature strength and creep resistance increased obviously. 
Therefore, based on the research of the rare earth magnesium alloy, the alloy for high 
strength, heat resistance, good corrosion resistance and other excellent performance can 
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greatly extend the application of magnesium alloy in industry [34].  
 
1.3.3 Texture weakening by RE addition  
    Fig. 1-4 shows the typical OIM maps and basal pole distributions of pure Mg and 
Mg-Y alloys [40]. After Y addition, the texture intensity is decreased and the basal pole 
distributions become random. The reason is that non-basal slip is more easily activated 
after Y addition [41, 42].  
Fig. 1-5 shows the relative activity of basal slip and {10-12} twinning in Mg-Y and 
AZ31 alloys. As can be seen, Mg-Y alloy has higher activity for twinning than that of 
AZ31 alloy at the initial stage. As a result, the ductility of Mg-Y alloy is higher than that 
of AZ31 alloy [36].  
    In previous reports, the specific mechanisms for the texture weakening of Mg-RE 
alloys have been stated. Agnew et al. [43, 44] compared the pure magnesium, such as 
Mg-Y and Mg-Li alloys deformation texture features, and found that although the three 
types of material texture, the same is fiber texture, however - Y and Mg - Li Mg alloy 
texture intensity is significantly reduced. Ball and Prangnell [45] may be the first to 
notice of WE43 magnesium alloys containing Y and RE elements can get randomization 
texture after deformation, and the texture randomized comes down and by the 
heterogeneous nucleation (particle stimulated nucleation, PSN).Rare earth elements is 
usually by changing the alloy lattice constant and dislocations that can come true Its 
effect on the texture, reduces the c/a ratio, rare earth elements make the cone slip is 
activated, so that the crystal orientation changes. Basal slip, in general, is the most easy 
to start the slip system in magnesium alloys, but, the critical shear stress of cylinder and 
cone sliding is about 100 times that of the base level slip, for cone slip velocity 
boundary shear stress in the whole temperature range are higher than other slip system, 
at room temperature is not easy to start. Sandlobes etc. [40] for Mg-Y alloy at room 
temperature when its rolling slip system is activated, make materials to enhance the 
elongation. Hirsch etc. [46] to study the influences of rare earth elements on magnesium 
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alloy extrusion ZK10, found a small amount of Nd and Y to add can effectively weaken 
the extrusion texture, but texture peak position unchanged. Many researchers believe 
that the adding of rare earth elements can improve the texture by its alloy to explain the 
influence of recrystallization behavior. Li [47] on the Mg-Gd-Y-Zr alloy under uniaxial 
compression, found that when the dynamic recrystallization grain orientation deviation 
from the base surface texture, a random distribution. This is also known as rare earth 
elements texture. Stanford and Barnett [48] studied the rare earth elements in the 
process of hot extrusion texture. Studies have shown that La and Gd adding a new peak 
in parallel to the direction of the extrusion texture, it's because of rare earth elements are 
suppressed when texture in high temperature. High temperature reduces the rare earth 
elements on grain boundary migration of nail with rolling, so rare earth elements texture 
is suppressed.  
 
1.3.4 Decreased CRSS of non-basal slip by RE addition  
    Table 1-1 shows the CRSS values for different slip systems in Mg-Y series, pure 
Mg and AZ31 single crystals [24-26, 31-33]. As can be seen, Y addition can activate 
non-basal slip more easily. The reason is that Y addition reduces the c/a ratio and the 
CRSS of non-basal slip becomes near to the CRSS of basal slip [41, 42]. The variations 
of c/a ratio are shown in Fig. 1-6. With Y addition, multiple slip systems can lead to 
better ductility in Mg-Y than in pure Mg [40], as shown in Fig. 1-7. Thus, Mg-Y alloy 
can be used as a structural material due to its high ductility at room temperature.  
 
1.4 Fatigue mechanisms of typical Mg alloys  
1.4.1 Importance of studying fatigue mechanisms of Mg-Y alloys  
Besides under static loading, Mg-Y should be used under cyclic loading. There are 
many fatigue failure in our life, like screw, axis and airplane. Generally, most researches 
about fatigue are concerning fatigue initiation and propagation. But few research 
concerns fatigue mechanisms before fatigue initiation. Thus, to evaluate the application 
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value of Mg-Y alloy, it is also important to understand the fatigue mechanisms of Mg-Y 
alloy.  
As shown in Fig. 1-8, general fatigue in metal materials contains three stages: 1) 
dislocation-plasticity stage, 2) crack initiation stage and 3) crack propagation stage. Up 
to now, most fatigue researches about Mg alloys focuses on the crack initiation stage. 
There are few reports involving the first and third stages. What happens before crack 
initiation is still unknown. Since the crack propagation rate is fast in Mg alloys, it is of 
importance to study the first dislocation-plasticity stage and to reveal the relation 
between fatigue limit and dislocation movement. In this way, the origin of crack 
initiation can be avoided and Mg alloy products can be safely applied in various fields.  
Fig. 1-9 shows the different fatigue behaviors of Al and Mg alloys. As can be seen 
clearly, Al alloy has no fatigue limit while Mg alloy has an obvious fatigue limit and 
bending points around 105 cycles. In other words, Al alloy has infinite fatigue limit 
while Mg alloy has finite fatigue limit [17]. The reason is attributed to the stack faulting 
energy (SFE) and the CRSS of cross-slip. However, more detailed reason is still lack of 
investigation.  
Since there are still few reports revealing the specific fatigue mechanisms of Mg-Y 
alloys, other typical Mg alloys like AZ31 and Mg-Gd-Y can be referred. AZ31 has 
strong basal texture while Mg-Gd-Y has weak texture and large amounts of particles. 
Mg-Y binary alloy has weak texture and almost no precipitates. Thus, it is crucial to 
study the specific fatigue mechanisms of Mg-Y alloy in detail.  
 
1.4.2 Fatigue mechanisms of AZ31 alloy  
    Fig. 1-9 shows the surface observation of AZ31 alloy. AZ31 alloy is a strong basal 
textured Mg alloy. During its fatigue cycles, basal slip heavily happens and they are 
indicated by the white dotted lines in Fig. 1-9(a). And {10-12} tension twinning is also 
found to be one of the main dominant mechanisms. Thus, the dominant fatigue 
mechanisms of AZ31 alloy are basal slip and {10-12} twinning. Besides, on the surfaces 
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of the cracked sample, cross-slip can be easily found. Cross-slip is comprised by one 
basal slip and one prismatic slip. By observing the microstructure, we can find complete 
10-12 twinning and double twinning. When the applied stress is improved and the 
sample is nearly failure, prismatic slip is activated to accommodate the plastic 
deformation. Then cross-slip is formed. But the local region happening cross-slip would 
cause obvious stress concentration. As a result, double twinning is activated, like the red 
circles in Fig. 1-9(b). And large slip-step is induced on the surface. In Fig. 1-9(d) of the 
TEM bright field, the selected area diffraction pattern has central symmetry and axial 
symmetry. It is proved that the selected area contains double twinning. Thus, the origin 
of the fatigue failure in AZ31 alloy is double twinning [49, 50]. Fig. 1-10 shows the 
schematic illustration of double twinning in AZ31 alloy. Double twins are always tilted 
by 38° from the initial basal plane.  
 
1.4.3 Fatigue mechanisms of Mg-Gd-Y alloy  
Fig. 1-11 shows cross-section observations of weak basal textured Mg-Gd-Y alloy. 
Mg-Gd-Y alloy has a lot of precipitates after heat treatment. These precipitates or 
particles would have obvious effects on the fatigue mechanisms during fatigue cycles. 
As can be seen, the black line in Fig. 1-11(a) is the trace of basal plane. The slip lines in 
Fig. 1-11(a) are nearly all parallel to the basal slip trace. It is proved that all slip lines 
are basal slip in Mg-Gd-Y alloy. In Fig. 1-11(b) of the two-beam mode observation, 
some dislocation lines are parallel to the basal plane trace while some segments are 
perpendicular or having large angles tilting to the basal slip trace. Thus, Mg-Gd-Y alloy 
is dominated by basal slip and non-basal slip during its fatigue cycles. As the fatigue 
cycle number increasing, slip bands would accumulate and pile up along the grain 
boundaries or the particles. Then local stress concentration is induced. Consequently, 
fatigue crack is formed. Thus, the origin of fatigue failure in Mg-Gd-Y alloy is slip band 
especially formed by basal slip [51, 52]. Fig. 1-12 shows the schematic illustration of 
fatigue crack initiation in Mg-Gd-Y alloy. When the high-density of basal slip band 
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piles up along the particle, crack will be induced by the stress concentration.  
 
1.4.4 Dependence of fatigue limit on yield stress  
    Fig. 1-13(a) shows the relations between mechanical properties and grain size. If 
the grain size is finer, the yield stress and ultimate tensile stress are higher. This is in 
consistent with the famous Hall-Petch relation. Fig. 1-13(b) shows the relation between 
fatigue limit and grain size. It is obviously seen that finer grain size corresponds to 
higher fatigue limit. In other words, higher yield stress corresponds to higher fatigue 
limit. However, the range of the average grain size used in Ref. [53] is still too narrow 
to conclude that higher yield stress would lead to higher fatigue limit. It needs to be 
studied further in detail. The effect of grain size on fatigue limit is an important basis of 
my research on fatigue mechanisms. Fig. 1-14 shows the Hall-Petch relation in Mg 
alloys. Twinning dominates the deformation of large-grained Mg and slip dominates 
fine-grained Mg. The critical grain size is around 20 μm. The reason is that twinning is 
difficult to be activated in fine grains.  
 
1.4.5 Dependence of fatigue limit on ductility  
Fig. 1-15(a) shows the stress-strain curves of Mg-Gd-Y and AZ31 alloys. As can be 
seen, Mg-Gd-Y alloy has much higher ductility than that of AZ31 alloy. This is because 
of the weak basal texture in Mg-Gd-Y alloy. Weak basal texture leads to reduced CRSS 
values of prismatic slip and pyramidal slip. And the particles in Mg-Gd-Y alloy can also 
promote the ductility. Fig. 1-15(b) shows the S-N curves of Mg-Gd-Y and AZ31 alloys. 
As can be seen, Mg-Gd-Y alloy has higher fatigue limit than that of AZ31 alloy. The 
authors [54] attributed the improved fatigue limit to the higher ductility in Mg-Gd-Y 
alloy. However, the detailed reason remains unclear. The authors did not explain the 
detailed relation between ductility and fatigue limit.  
Besides, residual twins are the main interesting thing for many researches about 
fatigue properties. During cyclic loading or fatigue testing, twinning-detwinning is 
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considered as the dominant mechanism [55]. With increasing the fatigue cycles, 
detwinning tends to be retarded by dislocation pile-ups and residual twins are gradually 
retained. Residual twins are always found near the crack initiation and treated as the 
fracture factor of most Mg alloys. The residual twins cause that Mg alloys cannot reach 
their expected service life [56, 57]. To improve the fatigue properties and extend the 
applicability of Mg alloys in various fields, suitable processing methods to reduce the 
amount or delay the occurrence of residual twins are required as a matter of urgency. 
Jiang et al. [58] pointed out that the addition of zirconium (Zr) can prolong the fatigue 
life because Zr-addition promotes grain refinement. Ni et al. [59] improved the fatigue 
limit of an AZ91 alloy from around 45 to around 90 MPa by friction stir processing. The 
improvement is ascribed to grain refinement and evolution from coarse β-Mg17Al12 
networks to fine β-Mg17Al12 particles. Yang and coauthors [60] found that 
Mg-12Gd-3Y-0.5Zr alloy has a much better fatigue performance than the more 
commonly used AZ31 alloy. A mass of precipitated particles retard the extension of twin 
boundaries and enhance crack resistance. Lv et al. [61] applied an aging treatment on a 
hot-extruded AZ80 alloy, resulting in improved yield stress. The reason for this is that 
twinning is inhibited by the resulting small grain size and the extension of the few 
activated twins is pinned by precipitates. Meanwhile, some researchers proposed that 
pre-twinning in wrought Mg alloys permits a longer fatigue life than in untwinned cases 
[64-66]. After introducing a certain amount of {10-12} tension twins, detwinning is 
more likely to occur during fatigue cycles so that hysteresis loops become less 
asymmetrical and fatigue failure is postponed. 
 
1.5 The purpose of the present research  
    As is well-known to all, the price of rare-earth element is high and the resource is 
limited. Only a few countries have the rare-earth element. The price of Gd element is 
much higher than that of Y. What’s more, being a precipitate strengthened Mg alloy, 
Mg-Gd-Y alloy always needs a lot of contents of Gd, above 10 at%. As a result, the 
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price of Mg-Gd-Y alloy is high, Considering this reason, dilute Mg-RE alloy should be 
developed. Mg-Y binary alloy seems to be a suitable series, as the price of Y is lower 
than that of Gd [67, 68]. And Mg-Y alloy has been proved that it has good combination 
of strength and ductility at room temperature. However, the fatigue properties and 
corresponding fatigue mechanisms are still few investigated. Whether good ductility can 
bring high fatigue limit? It remains unknown. Up to now, there is no report involving 
the fatigue mechanisms of Mg-Y alloy. It needs to be studied in detail. Besides, most 
published investigations about the fatigue of Mg alloys were concentrated on the crack 
propagation and failure rate. There are still few reports involving the basic mechanisms 
or initial origins of fatigue failure. It is important to know how the fatigue failure 
happens. That can promote the understanding of the fatigue of Mg alloys. Besides, the 
advantages of Y addition are compared in Table 1-2.  
    In the present work, the specific fatigue mechanisms of Mg-Y alloy would be 
studied in detail. The relation between mechanical properties at room temperature and 
fatigue limit will be researched. Important parameters for understanding fatigue limit 
will be put forward. And the effects of grain size will be also studied in detail. It is 
hoped that the present work will enrich the understanding of fatigue mechanisms in 
Mg-Y alloy and provide the suggestions for the application of Mg-Y alloy.  
 
1.6 Outline of the present research  
    The present research investigates the fatigue mechanisms and focuses on the origin 
of fatigue failure in the dislocation-plasticity stage, since this stage is still unclearly 
understood.  
    Based on the dependence of non-basal slip activity on the basal texture, the 
research studies both strong and weak basal textured Mg alloys, to understand the 
effects of non-basal slip activity on the fatigue limit.  
Based on the dependence of non-basal dislocation movement on the grain size, the 
research also studies both cases of fine and large grains, to understand the effects of 
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non-basal dislocation movement on the fatigue limit.  
    In Chapter 2, the experimental procedure will be stated in detail, including 
homogenization treatment, mechanical and fatigue tests, and sample preparation for 
EBSD and TEM observations.  
    In Chapters 3 and 4, the results of fine-grained and large-grained Mg alloys will be 
reported, respectively. The fatigue properties of weak basal textured Mg-Y alloys will 
be compared with those of strong basal textured pure Mg and AZ31 alloy.  
    In Chapter 5, the obtained results of Mg-Y alloys will be characterized by SEM, 
EBSD, FIB and TEM. Specific fatigue mechanisms will be revealed and the origin of 
fatigue failure in Mg-Y alloys will be discussed. A new parameter to evaluate fatigue 
properties will also be put forward based on the cyclic strain hardening during fatigue 
cycles.  
    Finally, in Chapter 6, the conclusions will be drawn.  
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Fig. 1-1 Deformation mechanisms of pure Mg [22]. 
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Fig. 1-2 CRSS values of slip and twinning systems in pure Mg [23-29]. 
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Fig. 1-3 Typical OIM maps of pure Mg, AZ31 and Mg-5Y alloys after 
homogenization annealing [37-39].  
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Fig. 1-4 Typical OIM maps and basal pole distributions of hot-rolled pure Mg 
and Mg-Y alloys [40].  
. 
34 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
Mg-Y basal 
Mg-Y {10-12} twin
AZ31 {10-12} twin
R
e
la
ti
v
e
 a
c
ti
v
it
y
 
Strain 
 
 
AZ31 basal 
0 4 8 12 16 20 24 28
0
50
100
150
200
250
 
 
S
tr
e
s
s
, 
M
P
a
Strain, %
 AZ31 
 Mg-1.6at%  
Fig. 1-5 (a) Relative activity of basal slip and {10-12} twinning in Mg-Y and 
AZ31 alloys, and (b) stress-strain curves of Mg-Y and AZ31 alloys [36]. 
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Fig. 1-6 The c/a ratio in Mg-Y series [41, 42]. 
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Fig. 1-7 Stress-strain curves of pure Mg and Mg-Y alloys [40]. 
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Fig. 1-8 Stress-strain curves of pure Mg and Mg-Y alloys [40]. 
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Fig. 1-9 (a) basal slip, (b) tension twinning, (c) cross-slip, and (d) double 
twinning in AZ31 alloy [17]. 
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Fig. 1-10 (a) basal slip, (b) tension twinning, (c) cross-slip, and (d) double 
twinning in AZ31 alloy [49, 50]. 
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Fig. 1-11 Schematic illustration of double twinning in AZ31 alloy [49, 50]. 
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Fig. 1-12 (a) basal slip, (b) basal and non-basal slip, (c) slip band cracking, and 
(d) dislocation pile-ups along particles in Mg-Gd-Y alloy [51, 52]. 
. 
42 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1-13 Schematic illustration of fatigue crack in Mg-Gd-Y alloy [51, 52]. 
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Fig. 1-14 (a) Relation between mechanical properties and grain size, (b) relation 
between fatigue properties and grain size in AZ31 alloy [53]. 
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Fig. 1-15 Hall-Petch relation and dominant deformation modes [53]. 
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Fig. 1-16 (a) Stress-strain curves and (b) S-N curves of AZ31 and Mg-Gd-Y 
alloys [54]. 
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Mode CRSS / MPa 
 Mg-0.5at%Y Mg-0.8at%Y Mg-1.0at%Y Pure Mg AZ31 
Basal — — 10 [25] 1 [25] 2 [32] 
Prism 12.8 [24] 22 [24] — 30 [31] 60 [32] 
Pyram < 40[24] 40 [31] 50 [32] 
Table 1-1 CRSS values of different slip systems in Mg-Y series, pure Mg and 
AZ31 alloys.  
. 
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Contents  Grain size        Texture  Non-basal slip  Twinning  Ductility  
Pure Mg  Large  strong  Difficult  Easy  Low  
Mg-Y  Small  Weak  easy  Easier  High  
Table 1-2 Comparison of pure Mg and Mg-Y alloy.  
. 
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Chapter 2 Experimental procedure  
    The outline of experiments contains 1) homogenization annealing for sample 
preparation, 2) uniaxial tensile test, 3) fatigue test, 4) cyclic tensile test and, 5) Surface 
and cross-section observations.  
 
2.1 Sample preparation  
The samples used in this study were hot-extruded sheets of pure Mg, Mg-0.06at%Y, 
Mg-0.6at%Y alloy sheets and hot-rolled Mg-1.0at%Y and AZ31 alloy sheets. For 
briefness, the samples are named pure Mg, 006Y, 06Y, 1Y and AZ31 hereafter.  
Fig. 2-1 shows the phase diagram of Mg-Y binary alloys. As can be seen, the 
maximum content of Y atom for no precipitates is about 2.2 at%. Thus, the Mg-Y alloys 
used in this work have no precipitate interior the grains or along the grain boundaries 
after homogenization annealing.  
Dog-bone shaped samples were prepared by cutting the sheets with an electro 
discharge machine. The dimension of gauge area was 10 mm in length (parallel to the 
rolling direction, RD), 3.6 mm in width (parallel to the transverse direction, TD), and 
1.8 mm in thickness (parallel to the normal direction, ND).  
Since twinning is easily activated in large grains above 20 μm but hardly activated 
in fine grains below 20 μm [1, 2], homogenization treatments were performed under 
different conditions. As shown in Tables 2-1 and 2-2, various annealing conditions were 
performed to get different average grain sizes. After homogenization annealing, all the 
samples were water quenched. In this way, the pre-existing twins and particles were 
fully eliminated and no precipitates existed in the grain interior or along the grain 
boundaries after quenching. All the obtained samples had equiaxed grains with fine or 
large average grain sizes. In the first case, 006Y, 06Y, 1Y and AZ31 alloys were 
annealed at relatively low temperatures to get fine grains below 10 μm. For pure Mg, 
due to no segments existing along the grain boundaries, it is too difficult to obtain fine 
grains below 10 μm. In the second case, all the alloys with different contents were 
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annealed at relatively high temperatures to obtain coarse grains. Their average grain 
sizes were all above 180 μm.  
 
2.2 Uniaxial tensile test  
In order to identify dominant deformation mechanisms from slip traces, a mirror 
finished surface was prepared by the following method. The surfaces of the samples 
were mechanically ground with #1200, #2400, and #4000 abrasive papers, followed by 
polishing with 1 and 0.25 μm diamond pastes. Finally, chemical polishing was carried 
out using a solution of nitric acid (10 ml) and absolute ethanol (100 ml).  
These samples were subjected to uniaxial tensile test at room temperature at a 
strain rate of 1 × 10-3 s-1. The yield stress was measured as the 0.2% proof stress. All the 
values of the yield stress (YS), ultimate tensile stress (UTS), and fracture elongation 
(FE) were tested at least thrice. And average values were calculated and used to the 
stress-strain curves in the results and discussion.  
 
2.3 Fatigue Test  
Fatigue test was controlled by stress. That means the fatigue test in this work was 
conventional high-cycle fatigue test. Stress-controlled fatigue test was performed at 
room temperature with a frequency of 10 Hz. The applied stress was controlled by 
sinusoidal waveform. The stress ratio was set to R = 0.1. That is to say, the ratio of the 
minimum stress value by the maximum stress value is 0.1. Fatigue loading began with 
tensile stress and was then unloading to the 1/10 of the peak stress. In this way, the 
deformation mechanisms during compression can be neglected. Otherwise, the 
complicated deformation mechanisms would make it difficult in analyzing the specific 
fatigue mechanisms of Mg-Y alloys. Fatigue tests were performed twice or thrice at 
each stress amplitude. After fatigue testing, the S-N (stress amplitude versus number of 
cycles) curves were drawn.  
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2.4 Cyclic tensile test  
Cyclic tensile test was carried out at room temperature at a strain rate of 1 × 10-3 s-1 
for 10 cycles by continuously changing applied stress between zero and peak stress, 
max. The peak stress values were selected based on YS obtained from uniaxial tensile 
test: below YS, nearly equal to YS and above YS, as shown in Fig. 2-2. Through cyclic 
tensile test, important parameters could be obtained to analyze the specific fatigue 
mechanisms of Mg-Y alloys.  
 
2.5 Surface and cross-section observations  
After mechanical testing, the gauge areas of the tested samples were cut down for 
surface and cross-section observations. Surface observations were performed by using 
an optical microscopy (OM) and a scanning electron microscopy (SEM). Also, the slip 
traces on the surface were observed by a focused ion beam (FIB) microscopy. The 
internal microstructures of the cross-sections were observed by a transmission electron 
microscopy (TEM). The TEM samples were prepared with the assistance of FIB. By 
using FIB observation, the interested areas could be easily found and the TEM samples 
could be directly made from the certain areas without too much damage on the sample 
surfaces. The crystallographic orientation distributions were checked by an electron 
backscatter diffraction (EBSD) apparatus.  
It is noteworthy to state here that no more polishing would be subjected to the 
sample surfaces. In this way, all the information of slip traces on the surfaces can be 
well remained during the SEM and FIB observations. In other words, one sample is 
only polished once. The polishing is only done before its mechanical experiments.  
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Figures  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 2-1 Mg-Y binary phase diagram. 
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Fig. 2-2 Schematic illustration of cyclic tensile test. 
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Alloys  Annealing conditions  Grain size / μm  
0.06Y  623 K, 1 h  8  
0.6Y  623 K, 0.5 h  7  
1.0Y  623 K, 1 h  10  
AZ31  473 K, 3 h  6  
Table 2-1 Annealing conditions for fine grains. 
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Alloys  Annealing conditions  Grain size / μm  
Pure Mg  773 K, 5 h  200  
0.06Y  788 K, 15 h  190  
0.6Y  723 K, 8 h  180  
1.0Y  783 K, 15 h  180  
AZ31  673 K, 4 h  220  
Table 2-2 Annealing conditions for large grains. 
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Chapter 3 The case of fine grains  
    After homogenization annealing under various conditions, fine grain sizes have 
been obtained in the Mg-Y and AZ31 samples. In this chapter, the fatigue properties 
obtained from fine grain sizes will be revealed. The relation between mechanical 
properties and fatigue limit will be discussed.  
 
3.1 Initial microstructures  
    After homogenization annealing at low temperature for short time, fine grains have 
been obtained in Mg-Y and AZ31 alloys. Fig. 3-1 shows the microstructures of different 
samples after homogenization annealing. 006Y, 06Y, 1Y and AZ31 samples all have 
equiaxed grains with average grain size around 10 μm. Specifically, the average grain 
sizes for 006Y, 06Y, 1Y and AZ31 are 8 μm, 7 μm, 10 μm and 6 μm, respectively. For 
pure Mg, since there is no segment along the grain boundaries during homogenization 
annealing, the grains of pure Mg are easily grow up. Abnormal grain growth is always 
found in pure Mg. Hence, in the case of fine grains, pure Mg cannot be studied.  
    Fig. 3-2 shows the EBSD examinations of 006Y, 06Y, 1Y and AZ31 alloys. Based 
on the reference color in the standard orientation figure, the red color means the c-axis 
of one grain is parallel to the ND of the hot-rolled or hot-extruded sheet. On the contrary, 
the green and blue colors means the c-axis of one grain is parallel to the RD of the 
hot-rolled sheet or ED of the hot-extruded sheet. As can be seen, Mg-Y alloys have 
random basal pole distributions and weak basal texture intensity. But for AZ31 alloy, it 
has a strong basal texture.  
 
3.2 Uniaxial tensile test  
    Fig. 3-3(a) shows the engineering stress-strain curves of 006Y, 06Y, 1Y and AZ31 
samples. The ductility of Mg-Y alloys is much better than that of AZ31 alloy. But AZ31 
alloy has higher UTS compared to Mg-Y series. Fig. 3-3(b) shows the values of 
different mechanical properties by giving columns. As can be seen, the yield stress is 
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highest in AZ31 alloy. This is because of texture hardening [1-4]. Although the samples 
have nearly the same grain size, strong basal texture can impede the activation of basal 
slip. Accordingly, the YS is improved. Following AZ31 alloy, the order of the YS is 1Y, 
06Y and 006Y samples. The order of the UTS is AZ31, 006Y, 1Y and 06Y while the 
order of the FE is 06Y, 006Y, 1Y and AZ31. The relation between the UTS and the FE is 
in the common regulation that high ductility corresponds to low strength. Specific 
values are listed in Table 3-1. The YS of 006Y, 06Y, 1Y and AZ31 alloys are 139 MPa, 
141 MPa, 142 MPa and 185 MPa, respectively. The stress levels of the followed fatigue 
test are referred to the YS of different samples.  
    Fig. 3-4(a) shows the strain hardening rate and stress-strain curve of 006Y sample 
under uniaxial tensile test. This is the initial stage during tensile loading, which is 
accurately measured by strain gauge pasted on the sample surface. In the figure, the 
bottom is strain and the right side is stress. The left side is strain hardening rate. It is 
calculated by the differential of stress by strain. Based on the variation of strain 
hardening rate, the stress-strain curve can be divided into three stages. 1) below 
microyielding, it is elastic behavior and strain hardening rate keeps nearly unchanged. 
The Young’s modulus can also be confirmed by the microyielding point. 2) between 
microyielding and macroyielding, basal slip is activated and strain hardening rate 
rapidly decreases. The increasing rate of stress becomes slow. 3) above macroyielding, 
non-basal slip is activated and strain hardening scarcely changes [5, 6]. Figs. 3-4(b)-(d) 
show the strain hardening rate of 06Y, 1Y and AZ31 samples. The three kinds of 
samples have similar varying trend to 006Y sample. The curve of strain hardening rate 
can also divide the stress-strain curve into three stages. In addition, in Mg alloys, due to 
this elastic stage is very short even in fine or ultra-fine grains, many researches 
employed 45 GPa into the experiments [7-10]. In the present work, the specific Young’s 
modulus can be more accurately confirmed by strain gauges. As shown in Figs. 
3-4(a)-(d), all the samples have their Young’s modulus in the range of 42-45 GPa, being 
a very limited range. Thus, the variations of Young’s modulus have almost no effects on 
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any of the results in the present work.  
 
3.3 Stress-controlled fatigue test  
For low-cycle fatigue, {10-12} twinning-detwinning is regarded as the primary 
mechanism [11-14]. Lv et al. [15, 16] pointed out that {10-12} twinning-detwinning 
originated from anisotropy plays an important role in fatigue properties, such as fatigue 
life, crack resistance and hysteresis energy. Some researches confirmed that original 
orientations in favor of {10-12} twinning can increase fatigue life than original 
orientations pertaining to slip, regardless of the fact that residual twins are often found 
near fatigue cracks [17, 18]. Nevertheless, according to Ref. [19], initial {10-12} twins 
can deteriorate fatigue life, because detwinning reduces compressive flow stress. 
Namely, initial {10-12} twins increase mean flow stress and hysteresis loops gradually 
raise upwards tension stress direction. Despite the different perspectives, consistent 
viewpoints have been suggested as follows. At the early stage of low-cycle fatigue, 
twinning-detwinning facilitates deformation and relaxes stress better than the situation 
of basal slip dominates. With the number of cycle increasing, residual twins retain and 
act as barriers to hinder dislocation movement at twin boundaries. Then work-hardening 
continuously accumulates till crack is initiated near twin boundaries. Further, during 
crack propagation stage, residual twins retard crack growing from one grain into 
adjacent grains, and deviate the direction of crack growth, resulting in contributing to 
fatigue life. Finally, at the later stage of low-cycle fatigue, according to controlled strain 
amplitude, stress exceeds the constraint of twin boundaries, cracks grow along cleavage 
planes instantly and failure happens [17-21].  
For high-cycle fatigue, relative impact factors are complex. Generally, at the initial 
stage, {10-12} twinning-detwinning is the main fatigue mechanism. Conversely, the 
difference compared to low-cycle fatigue is that non-basal dislocation slip dominates 
cyclic deformation in the later stage. Here, what is noteworthy is that non-basal slip 
systems are reported to exert more effects than basal dislocations on high-cycle fatigue 
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[22]. The reason is that lots of {10-12} twins compel grains to rotate and new 
orientations are prone to activating non-basal dislocations. Although some twins 
eliminate during detwinning, new orientations are remained and then may be tilted and 
evolved into other orientations during the next twinning process. Correspondingly, high 
fatigue life can be achieved. In our previous paper, high-cycle fatigue mechanisms were 
studied through cyclic tensile test according to the yield stress [23]. It is manifested that 
{10-12} twinning happens both below and above yield stress, whereas prismatic 
dislocation slip and cross-slip only occur when controlled peak stress is above yield 
stress. In addition, {10-11}-{10-12} double twins were observed under large surface 
steps, their accumulation giving rise to serious strain incompatibility and final fracture.  
Since Mg alloys have strong mechanical anisotropy, {10-12} tension twinning is 
easily activated when tensile stress is subjected parallel to the c-axis or compressive 
stress is subjected perpendicular to the c-axis. Due to Mg-Y alloys have a weak basal 
texture, tension-compression fatigue will make the analysis on fatigue mechanisms 
much more confused. Thus, tension-tension fatigue is performed in the present work.  
After uniaxial tensile test, it is stress-controlled fatigue test. It is carried out at 
room temperature at a frequency of 10 Hz. Fig. 3-5 shows the relation between number 
of cycles and stress amplitude (S-N curve) of all the tested samples. As can be seen, all 
the samples have bending points around 105 cycles. That is the inflection point between 
conventional low-cycle and high-cycle fatigue. The fatigue limits of all the samples are 
manifested to be lower than their corresponding YS. It is thus concluded that high-cycle 
fatigue should be performed below its YS. Furthermore, in Mg and its alloys, the fatigue 
limit should be treated as the stress level where no fatigue failure happens during fatigue 
cycles. If the stress level is set above the fatigue limit, then fatigue failure will happen. 
Thus, the dominant deformation mechanisms at fatigue limit is not the origin of fatigue 
limit whereas the dominant deformation mechanisms above fatigue limit is the origin of 
fatigue limit. The origin of fatigue limit is so important which must be revealed and 
some crucial parameters should be put forward to refer to the fatigue limit. The order of 
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fatigue limit here is AZ31, 1Y, 06Y and 006Y samples.  
 
3.4 Relation between mechanical properties and fatigue limit  
    Fig. 3-6 shows the relation between fatigue limit and microyielding. As can be seen, 
the order of microyielding can match the fatigue limit roughly in the case of fine grains. 
Fig. 3-7 shows the relation between yield stress and fatigue limit. In the Mg-Y series, 
the three tested alloys nearly drop in one slope. It is because that the Mg-Y alloys have 
weak basal texture compared to AZ31 alloy. Non-basal slip systems are easy to be 
activated in Mg-Y alloys. Fig. 3-8 shows the relation between ultimate tensile stress and 
fatigue limit. As observed, there is no obvious relation between fatigue limit and 
ultimate tensile stress. Many previous researches about the fatigue properties of metals 
stated that the fatigue limit was 15%~45% of the ultimate tensile stress [16]. However, 
this relation does not exist in the present work. Fig. 3-9 shows the relation between 
fatigue limit and fraction elongation. As can be seen, higher ductility corresponds to 
lower fatigue limit. This is quite different results with the results in Ref. [18], in which 
the higher ductility corresponds to higher fatigue limit. This should be attributed to the 
different grain size between the tested samples. In the case of fine-grained Mg alloys, 
the fatigue behavior and mechanical behavior are the same with those in fcc alloys, 
where high strength corresponds to low ductility. Thus, it is necessary to find one 
parameter which can match the fatigue limit much better and evaluate the fatigue limit 
in a more accurate way.  
 
 
3.5 Cyclic tensile test  
In order to understand fatigue mechanisms, cyclic tensile test is performed. 
Because fatigue failure happening at high cycles makes it difficult to identify the fatigue 
mechanisms, cyclic tensile test is thus applied to simplify fatigue test and investigate the 
corresponding fatigue mechanisms of Mg-Y alloy. Cyclic tensile test is carried out for 
61 
 
10 cycles in total. The applied stress is applied from zero stress to peak stress. And peak 
stress is selected below yield stress, near yield stress and above yield stress.  
The stress-strain curves obtained by cyclic tensile test were analyzed by extracting 
characteristic parameters shown in Fig. 3-10. This figure shows the schematic 
illustration of stress-strain curves of one segment of cyclic tensile test. Suppose that a 
sample is loaded to max, unloaded to zero, and reloaded to max. During the 
unloading-reloading cycle, a hysteresis loop would be observed especially in the case of 
large grain size. The occurrence of hysteresis loops is mainly caused by 
twinning-detwinning behavior. Detwinning is a migration process involving metastable 
twin boundaries and does not require nucleation. Twin boundaries migrate easily under 
low external stress regardless of loading direction or pre-formed twin orientations. As a 
result, detwinning happens before twinning during deformation. When detwinning is 
hampered by high-density basal dislocation pile-ups, detwinning cannot be fully 
completed and then the pre-formed twins remain and the stress-strain curve reaches the 
yield point. The nucleation of new twins will take place to accommodate further plastic 
deformation [2].  
In Fig. 3-10, several relevant parameters used in this work are now defined, 
following the method in Refs. [24-29]. Here, E is the intrinsic Young’s modulus of Mg. 
Es is secant Young’s modulus which is obtained by drawing a straight line between the 
top and bottom of the hysteresis loop. Plastic strain, p, is defined as the strain at the 
bottom of the loop. Anelastic strain, a, is defined as strain between the loop bottom and 
the intersecting point of the straight line drawn from the loop top with a slope of E to 
the horizontal axis. The rest is elastic strain, e.  
To evaluate cyclic strain hardening, one equation can be used [1, 30-33]:  
p = - β  logN + C                                                    (1) 
where p is the strain increment between two adjacent cycles. N is cycle number. β and 
C are constants. β represents the speed of cyclic strain hardening and can be used to 
measure the cyclic strain hardening in all the tested samples with fine grains. p can be 
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obtained from the cyclic tensile curves and calculation.  
In the case of fine-grained Mg alloys, the anelastic strain, a, is limited. This is 
because the difficult activation for {10-12} twinning-detwinning in the fine grain 
interiors. Thus, the formation of a will be explained in the next Chapter 4. Here, only 
the plastic strain p will be explained by the schematic illustration in Fig. 3-11. As can 
be seen, multiple non-basal slip systems would be activated and non-basal dislocations 
would move towards different direction with basal dislocations. As a result, dislocation 
tangles would be formed in the grain interiors. At the regions of dislocation tangles, 
serious strain hardening and stress concentration will be generated. This would lead to 
the damage of samples during fatigue cycles. And fatigue crack will initiate from these 
local regions. As the number of cycle increasing, the regions where have dislocation 
tangles will increase. Then the strain hardening will follow to increase. In the 
stress-strain curve, it behaves as the cyclic strain increment. Thus, the plastic strain p is 
caused by the cyclic strain increment. And the cyclic strain increment is induced by the 
multiply activated non-basal slip systems.  
The linear relation between p and logN is shown is shown in Fig. 3-12. In this 
figure, the β constant can be obtained from the slope of the relation curve. With the 
constant β, it is easily to evaluate the cyclic strain hardening and predict the fatigue 
limit. The details will be stated as follows. It is noteworthy that there are two different 
slopes of the constant β. High slope corresponds to the former strain hardening while 
low slope corresponds to the latter strain hardening. Since fatigue test has a thousand to 
a million cycles, the latter slope can match the fatigue test more accurately.  
    Fig. 3-13 shows the stress-strain curves of fine-grained AZ31 alloy during cyclic 
tensile test at room temperature. The yield stress of AZ31 alloy is 180 MPa, and the 
fatigue limit is 130 MPa. Hysteresis loops can be only observed at 200 MPa. That is to 
say, hysteresis behavior even happens at high stress level. Since the hysteresis behavior 
is mainly associated with {10-12} twinning, the twinning can be activated if the applied 
stress is high enough. Furthermore, cyclic strain hardening can be found at higher stress 
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levels at 180 and 200 MPa. The obvious difference between the two samples is the 
magnitude of the plastic strain increment after each cycle. These results suggest that a 
heavier accumulation of plastic strain per stress cycle at 180 MPa and 200 MPa.  
    Fig. 3-14 shows the calculation of the cyclic tensile test of fine-grained AZ31 alloy. 
After calculation, as shown in Fig. 3-14(a), plastic strain increases gradually at 200 MPa 
and increases slowly at 130 and 180 MPa. Fig. 3-14(b) shows the relation between 
cyclic strain increment and number of cycle. As observed, a linear relation is obtained. 
Cyclic strain hardening rapidly decreases near the yield stress, suggesting that non-basal 
slip occurs. No strain hardening happens below fatigue limit, suggesting that only basal 
slip occurs.  
    Fig. 3-15 shows the stress-strain curves of fine-grained 006Y alloy during cyclic 
tensile test for 10 cycles. The yield stress is 139 MPa, and the fatigue limit is 70 MPa. 
Hysteresis loops can be only observed at the stress level higher than the yield stress. 
And cyclic strain hardening can be only observed above the fatigue limit, because the 
shift of the loop bottom position indicates the increase of plastic strain with increasing 
the cycle number.  
    Fig. 3-16(a) shows the relation between p and the cycle number N. As explained 
already in Fig. 3-10, p increases gradually with increasing N. At max = 150 MPa, p is 
the highest. Fig. 3-16(b) shows the relation between plastic strain increment, p, and 
the logarithmic of N. With increasing cycle number, p decreases faster. With these 
calculated results, it can be suggested that different deformation modes happen at 
different stress levels. Cyclic strain hardening rapidly decreases above fatigue limit, 
suggesting that non-basal slip occurs. Conversely, no strain hardening happens below 
fatigue limit, suggesting that only basal slip occurs.  
Fig. 3-17 shows the stress-strain curves of fine-grained 06Y samples after cyclic 
tensile test for 10 cycles at room temperature. The yield stress is 141 MPa, and the 
fatigue limit is 90 MPa. The same case with fine-grained 006Y sample, hysteresis loops 
can be only found at the stress level higher than the yield stress. It is indicated that 
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{10-12} twinning-detwinning behavior can happen if the stress level is high enough. 
Moreover, cyclic strain hardening can be only observed above the fatigue limit.  
Fig. 3-18 shows the relation between some certain strain values and number of 
cycle in fine-grained 06Y alloy. In Fig. 3-18(a), plastic strain keeps increasing at all 
stress levels and increase the fastest at 140 MPa. Fig. 3-18(b) shows the relation 
between plastic strain increment and number of cycle. At 140 MPa, as the cycle 
increasing, the increment becomes decreased. It is suggested that non-basal slip happens 
above the fatigue limit. On the contrary, only basal slip happens below fatigue limit and 
non-basal slip is hardly activated.  
Fig. 3-19 shows the schematic illustration of cyclic tensile test. When the stress 
level is lower than the yield stress and nearly equal to the fatigue limit, there is limited 
strain hardening for both cases of AZ31 and Mg-Y alloy. Only basal slip can be 
activated. When the stress level is improved to nearly equal to the yield stress, non-basal 
dislocations are activated and dislocation tangles are formed. With the dislocation 
tangles, serious local stress concentration will be generated. Meanwhile, the dislocation 
tangles make the dislocation movement cannot be continued and cyclic strain hardening 
is thus formed. When the stress level is higher than the yield stress, {10-12} twinning 
can be activated and hysteresis loops are observed. Of course, the cyclic strain 
hardening becomes more serious with the improved stress level.  
Fig. 3-20 shows the calculated results for the constant β. In the case of fine grains, 
the two β values are nearby. Note that fatigue limit decreases with the increase of β 
value in both high slope and low slope. Considering that the low slope of strain 
hardening matches the fatigue cycles more accurately, the low β value should be used in 
the evaluation of fatigue limit.  
    As the above-mentioned, both in AZ31 and Mg-Y alloys, 1) hysteresis loops can 
only happen when the stress level is much higher than the yield stress. 2) Cyclic strain 
hardening happens at the stress levels higher than the corresponding yield stress. The 
reason is that non-basal dislocations can successfully move to the opposite side of grain 
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boundary regardless of the activity for non-basal slip.  
 
3.6 Summary  
1. In the case of fine grains, AZ31 alloy has the highest fatigue limit, followed by 
1.0Y, 0.6Y and 0.06Y alloys.  
2. The fatigue limit of all tested samples is between microyielding stress and 
macroyielding stress.  
3. There is a good relation between fatigue limit and yield stress. Higher yield 
stress corresponds to higher fatigue limit. Also, the constant β can be used as a 
parameter to evaluate fatigue limit. Higher β value corresponds to lower fatigue limit.  
4. Only basal slip occurs below fatigue limit while non-basal slip occurs above 
fatigue limit. Non-basal slip is the origin of fatigue failure in Mg alloys with fine grains.  
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Fig. 3-1 Initial microstructures of (a) 006Y, (b) 06Y, (c) 1Y and (d) AZ31 alloys 
after homogenization annealing. 
(a)  
(d)  (c)  
(b)  
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(a)  
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(b)  
Fig. 3-2 Typical OIM maps of (a) 006Y, (b) 06Y, (c) 1Y and (d) AZ31 alloys 
after homogenization annealing. 
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 Fig. 3-4 (a) Strain hardening rate of 006Y sample, (b) strain hardening rate of 
06Y sample. 
(b)  
(a)  
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 Fig. 3-4 (c) Strain hardening rate of 1Y sample, (d) strain hardening rate of AZ31 
sample. 
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Fig. 3-6 Relation between fatigue limit and microyielding stress. 
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 Fig. 3-7 Relation between fatigue limit and yield stress. 
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Fig. 3-8 Relation between fatigue limit and ultimate tensile stress. 
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Fig. 3-10 Schematic illustration of (a) loading-unloading and (b) hysteresis loop. 
(a)  
(b)  
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Fig. 3-11 Schematic illustration of (a) loading-unloading and (b) hysteresis loop. 
(b)  
(a)  
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 Fig. 3-12 Schematic illustration of cyclic strain hardening. 
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Fig. 3-13 Cyclic tensile test of fine-grained AZ31 alloy at (c) 180 MPa, (d) 
200 MPa. 
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Fig. 3-15 Cyclic tensile test of fine-grained 006Y alloy at (a) 60 MPa, (b) 70 MPa. 
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Fig. 3-15 Cyclic tensile test of fine-grained 006Y alloy at (c) 140 MPa, (d) 150 MPa. 
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Fig. 3-16 Relation between cycle number and (a) plastic strain and (b) plastic 
strain increment in fine-grained 006Y alloy.  
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Fig. 3-17 Cyclic tensile test of fine-grained 06Y alloy at (a) 70 MPa, (b) 90 MPa. 
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Fig. 3-17 Cyclic tensile test of fine-grained 06Y alloy at (c) 130 MPa, (d) 140 MPa. 
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Fig. 3-18 Relation between cycle number and (a) plastic strain and (b) plastic 
strain increment in fine-grained 06Y alloy.  
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Fig. 3-19 Schematic illustration of cyclic tensile test. 
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Fig. 3-20 The relation between fatigue limit and the constant β. 
(a)  
(b)  
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Alloys Microyielding / MPa YS / MPa UTS / MPa FE / % 
006Y 47 139 286 32.6 
06Y 84 141 252 33.6 
1Y 74 142 261 29.3 
AZ31 95 185 331 20.9 
 
 
 
 
  
Table 3-1 Mechanical properties of fine-grained samples. 
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Chapter 4 The case of large grains  
After homogenization annealing under various conditions, large grain sizes have 
been obtained in the Mg-Y, pure Mg and AZ31 samples. In this chapter, the fatigue 
properties obtained from large grain sizes will be revealed. The relation between 
mechanical properties and fatigue limit will be discussed.  
 
4.1 Initial microstructures  
    Fig. 4-1 shows the initial microstructures of pure Mg, 006Y, 06Y, 1Y and AZ31 
alloys. After homogenization annealing at high temperatures for long time, all the tested 
samples have average large grain sizes above 180 μm. The grains of 006Y, 06Y, 1Y and 
AZ31 alloys are all equiaxed. For pure Mg, there are some grains having abnormal grain 
growth. The average grain sizes of pure Mg, 006Y, 06Y, 1Y and AZ31 alloys are 200 
μm, 190 μm, 180 μm, 180 μm, and 220 μm, respectively.  
    Fig. 4-2 shows the typical OIM maps of pure Mg, 006Y, 06Y, 1Y and AZ31 alloys 
after homogenization annealing. As can be seen clearly, pure Mg and AZ31 alloy have 
strong basal texture. Nearly all the grains are red colored, which means the c-axes of 
nearly all grains are parallel to the ND. For 006Y and 06Y samples, they have weak 
texture and random distributions of basal poles. It is implied that 006Y and 06Y samples 
would have multiple slip systems during plastic deformation. For 1Y sample, it has a 
little strong basal texture, but still much lower than the texture intensity of pure Mg and 
AZ31 alloy.  
 
4.2 Uniaxial tensile test  
    Fig. 4-3(a) shows the engineering stress-strain curves of pure Mg, 006Y, 06Y, 1Y 
and AZ31 alloys. Both the ductility and strength of Mg-Y alloys are much better than 
that of pure Mg. Fig. 4-3(b) shows the values of different mechanical properties by 
giving columns. As can be seen, the order of the YS is 1Y, AZ31, pure Mg, 06Y and 
006Y alloys. The order of the UTS is 1Y, AZ31, 06Y, 006Y and pure Mg. The order of 
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the FE is 06Y, 1Y, AZ31, 006Y and pure Mg. The YS is higher in the basal textured Mg 
alloys than the YS of untextured Mg alloys. This is because of texture hardening [1-4]. 
Although the samples have nearly the same grain size, strong basal texture can impede 
the activation of basal slip. Accordingly, the YS is improved.  The relation between the 
UTS and the FE is in the common regulation that high ductility corresponds to low 
strength. Specific values are listed in Table 4-1. The YS of pure Mg, 006Y, 06Y, 1Y and 
AZ31 alloys are 65 MPa, 59 MPa, 63 MPa 112 MPa and 79 MPa, respectively. The 
stress levels of the followed fatigue test are referred to the YS of different samples.  
    Fig. 4-4(a) shows the strain hardening rate and stress-strain curve of 06Y sample 
under uniaxial tensile test. This is the initial stage during tensile loading, which is 
accurately measured by strain gauge pasted on the sample surface. In this figure, the 
bottom is strain and the right side is stress. The left side is strain hardening rate which is 
calculated by the differential of stress by strain. Based on the variation of strain 
hardening rate, the stress-strain curve can be divided into two stages. 1) below 
macroyielding, basal slip, non-basal slip and twinning occur and the hardening rate 
rapidly decreases. 2) above macroyielding, the amounts of basal dislocations, non-basal 
dislocations and twins keeps increasing and the hardening rate keeps unchanged. In the 
case of large grains for all the tested samples, there is limited microyielding. It is very 
difficult to accurately measure the microyielding stress. Thus, the elastic behavior in the 
case of large grains can be neglected. Figs. 4-4(b)-(e) show the strain hardening rates 
and stress-strain curves of pure Mg, 006Y, 1Y and AZ31 samples. The four kinds of 
samples have similar varying trend to 06Y sample. The curve of strain hardening rate 
can also divide the stress-strain curve into two stages. In addition, all the samples have 
their Young’s modulus in the range of 42-45 GPa, being a very limited range. 
Specifically in the case of large grains, the elastic behavior is so limited that the initially 
limited elastic behavior has no effect on the deformation behavior for all the tested 
samples. Thus, the variations of Young’s modulus have almost no effects on any of the 
results in the present work.  
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4.3 Stress-controlled fatigue test  
    In the case of large grains, Mg alloys are easily to have twinning behavior. 
Although the boundary energy of twins is higher than that of dislocations in Mg alloy, 
twinning is one of the main mechanisms in Mg alloys at room temperature. Besides, if 
one fine grain has non-basal dislocations along the grain boundary, then non-basal 
dislocations can easily move to the opposite side of grain boundary and twinning is 
impeded. On the contrary, if one large grain has non-basal dislocations along the grain 
boundary, then non-basal dislocations are hardly move forward to the opposite side of 
grain boundary due to the displacement is too long to move across. As a result, twinning 
is activated in large grains. Under this consideration, in the present work, Mg alloys 
with large grains should be also studied in detail. Furthermore, since the critical grain 
size hardly or easily for twinning is around 20 μm, the fatigue mechanisms in the cases 
of fine and large grains are deduced to be different. Due to Mg-Y alloys have a weak 
basal texture and AZ31 alloy and pure Mg have a strong basal texture, twinning 
behavior may be different in these two kinds of Mg alloys. However, there are few 
reports involving the fatigue mechanisms of Mg-Y alloys. Some possible fatigue 
mechanisms can be referred to textured Mg alloys. Due to strong initial texture, there 
always exists notable tension-compression yield asymmetry and asymmetric hysteresis 
loops [5-7]. And detailed fatigue mechanisms are unlike between low-cycle and 
high-cycle fatigue. For low-cycle fatigue, {10-12} twinning-detwinning is indexed to be 
the predominant impact factor. Moreover, in spite of detwinning, residual twins 
continuously accumulate, which subdivide initial grains into small ones. As a result, 
dislocations are stemmed and pile up at twin boundaries and fine grain boundaries. With 
the number of cycle increasing, work-hardening worsens till crack appears [7-10]. For 
high-cycle fatigue, {10-12} twinning-detwinning is the primary factor under low stress 
amplitude, whereas prismatic dislocation slip dominates cyclic deformation under high 
stress amplitude. At last, when external stress exceeds the constraint of residual twins, 
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strain incompatibility arises and crack is initiated [11-13]. On the contrary, Mg-RE 
alloys have weak texture and less preferential orientation apt to activate {10-12} 
twinning, resulting in dislocation slip also becoming dominant mechanism during 
fatigue [14-17]. Xu et al. [18-20] studied Mg-Zn-Y-Zr alloy, presenting that double slip 
or slip bands are obligated to crack initiation and the size and shape of particles or 
precipitates account for the resistance to crack propagation. There are also researches 
concerning Mg-Gd-Y-Zr alloy [21-26]. By RE addition, critical resolved shear stress 
(CRSS) of non-basal slips decreases whereas threshold stress for basal slip increases. 
Twinning is impeded and hysteresis loops evolve into nearly symmetric, so that mean 
flow stress reduces to almost zero and excellent fatigue life is realized. At the same time, 
gadolinium (Gd) can postpone crack growth velocity and zirconium (Zr) can enhance 
fatigue life through grain refinement. For the purpose of understanding the fatigue 
mechanisms of Mg-Y alloys, stress- controlled fatigue test is carried out at room 
temperature at a frequency of 10 Hz after uniaxial tensile test.  
    Fig. 4-5 shows the relation between number of cycles and stress amplitude (S-N 
curve) of all the tested samples. All the samples have bending points around 105 cycles. 
That is the inflection point between conventional low-cycle and high-cycle fatigue. The 
fatigue limits of all the samples are manifested to be lower than their corresponding 
macroyielding stress. It is thus concluded that high-cycle fatigue should be performed 
below its YS. The order of fatigue limit here is AZ31, 1Y, 06Y, 006Y and pure Mg 
samples.  
    In both the cases of fine and large grains, AZ31 has the highest fatigue limit, 
followed by Mg-Y alloys and the last to be pure Mg in large grains. Among the Mg-Y 
alloys, the order of fatigue limit is 1Y, 06Y and 006Y. Therefore, grain refinement can 
improve fatigue limit. Also, strengthening basal texture is another possible way. Of 
course, there should be no abnormal growing grains in the sample. The reason for the 
order of fatigue limit will be discussed in detail later.  
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4.4 Relation between mechanical properties and fatigue limit  
Fig. 4-6 shows the relation between yield stress and fatigue limit. It is seen that the 
two points of 006Y and 06Y drop in the near regions. It is because of weak basal texture 
in these two alloys. Fig. 4-7 shows the relation between ultimate tensile stress and 
fatigue limit. As observed, the ultimate tensile stress can roughly match the fatigue limit. 
Fig. 4-8 shows the relation between fatigue limit and fraction elongation. As can be seen, 
higher ductility does not always correspond to higher fatigue limit. Thus, it is necessary 
to find one parameter which can match the fatigue limit much better and evaluate the 
fatigue limit in a more accurate way.  
 
4.5 Cyclic tensile test  
    In order to understand the fatigue mechanisms of large-grained Mg alloys, cyclic 
tensile test is also performed here. As shown in Fig. 4-9, anelastic strain is caused by 
twinning-detwinning behavior. During loading, basal slip would be firstly activated. 
Then the strain induced by basal slip would activate {10-12} tension twinning. When 
the applied stress reaches the peak value, the width of tension twin increases to the 
widest size. The basal dislocations would pile up along the twin boundary. In the 
engineering stress-strain curve, it behaves as the work hardening. During unloading, the 
basal dislocations would move backwards to the original position along the grain 
boundary. The width of {10-12} tension twin will be decreased to narrow size. When 
the applied stress is reduced to zero stress, the tension twin is disappeared, indicating 
that complete detwinning is finished. During the process of twinning-detwinning, the 
pseudo-elastic strain induced by twinning-detwinning behavior is the so-called 
“anelastic strain”. As the number of cycle increasing, the number of basal dislocations 
and non-basal dislocations will increase. As a result, detwinning cannot be fully 
completed [27-29]. Then residual {10-12} twin is remained, which is the so-called 
“residual twin”. Residual twins are always detected in the samples under high stress 
level.  
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    As the origin of the plastic strain p and the strain increment p have been 
explained in Chapter 3, here only the origin of the anelastic strain will be explained by 
the schematic illustration in Fig. 4-10. As can be seen, the hysteresis loops exist in the 
stress-strain curve and four points A, B, C and D will be used to explain the 
pseudo-elastic behavior. Since the large-grained Mg alloys are easy to have {10-12} 
twinning behavior, at the Point A, the grain will have twin inside. During unloading, 
detwinning will happen and the width of twin will be narrow at the Point B. The twin 
will disappear at the Point C when the stress is unloading to zero stress. During the next 
loading period, twinning will happen again and grow widely at the Point D. Further 
loading to the Point A, the width of the twin will continuously grow widely. As a result, 
the anelastic strain a is formed. Besides, when the density of dislocations are high 
enough to impede the complete detwinning, the twin will be remained and residual twin 
will be generated.  
    In a word, the definition of different strain parameters can be summarized as 
follows. 1) Hysteresis loop and anelastic strain a are induced by twinning-detwinning 
especially in large grains. 2) Cyclic strain hardening p is induced by non-basal slip. 
Non-basal slip in large grains can only move forward but cannot move back, leading to 
accumulative strain hardening. Non-basal slip in fine grains also leads to permanent 
strain hardening, although being lower than the strain hardening in large grains. Further 
activation for non-basal slip will be delayed, leading to decreased strain hardening. 3) 
Basal slip can move forward and backward regardless of grain size, leading to slightly 
strain hardening.   
The stress-strain curves obtained by cyclic tensile test were analyzed by extracting 
characteristic parameters shown in Fig. 4-10. This figure shows the schematic 
illustration of stress-strain curves of one segment of cyclic tensile test. Suppose that a 
sample is loaded to max, unloaded to zero, and reloaded to max. During the 
unloading-reloading cycle, a hysteresis loop would be observed especially in the case of 
large grain size. The occurrence of cyclic strain hardening is caused by the activation of 
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non-basal dislocations. In the case of large-grained Mg alloys, non-basal dislocations 
cannot move from one side of grain boundary to the opposite side of grain boundary. 
The non-basal dislocations can only exist along the grain boundary. This is the 
important point in the case of large grains. As a result, dislocation tangles are induced 
by the cross of basal dislocations and non-basal dislocations. Then the dislocation 
tangles will induce cyclic strain hardening. Fig. 4-11 shows the calculation of cyclic 
strain hardening. The method is similar to the case of fine-grained Mg alloys.  
    Fig. 4-12 shows the results of cyclic tensile tests of pure Mg. The yield stress of 
pure Mg is 65 MPa, and fatigue limit is 20 MPa. After cyclic tensile test for 10 cycles, 
hysteresis loop occurs above fatigue limit. That is to say, there is no twinning behavior 
happens below fatigue limit. Only basal slip is activated below fatigue limit. At higher 
stress levels at 60 and 90 MPa, hysteresis behavior continuously happens, suggesting 
that twinning-detwinning behavior occurs. Besides, cyclic strain hardening only occurs 
above yield stress. It is possible that non-basal slip only occurs at the stress level higher 
than the yield stress.  
    Fig. 4-13 shows the calculation of pure Mg after cyclic tensile test for 10 cycles at 
room temperature. In Fig. 4-13(a), it shows the relation between plastic strain and 
number of cycle. As can be seen, the plastic strain increases slowly at all the applied 
stress levels. Fig. 4-13(b) shows the relation between anelastic strain and number of 
cycle. As observed, the anelastic strain keeps decreasing slowly at 90 MPa and keeps 
nearly unchanged at lower stress levels. It is suggested that twinning-detwinning 
happens. In Fig. 4-13(c), it shows the relation between cyclic strain increment and 
number of cycle. Cyclic strain hardening rapidly decreases above fatigue limit, 
suggesting that non-basal slip occurs. No strain hardening happens below fatigue limit, 
suggesting that only basal slip occurs.  
Fig. 4-14 shows the stress-strain curves of large-grained AZ31 alloy during cyclic 
tensile test at room temperature. The yield stress of AZ31 alloy is 80 MPa, and the 
fatigue limit is 70 MPa. Hysteresis loops can be observed at 40, 70 and 100 MPa. That 
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is to say, hysteresis behavior even happens below fatigue limit. Since the hysteresis 
behavior is mainly associated with {10-12} twinning, the twinning stress can be found 
between 30 and 40 MPa. Furthermore, cyclic strain hardening can be found at higher 
stress levels at 70 and 100 MPa. The obvious difference between the two samples is the 
magnitude of the plastic strain increment after each cycle. This is apparent from the 
shift of the bottom tip of the hysteresis loops at zero stress after each cycle. Although no 
obvious shift is found at 70 MPa, a distinct shift appears at 100 MPa. These results 
suggest that a heavier accumulation of plastic strain per stress cycle at 100 MPa than at 
70 MPa.  
    Fig. 4-15 shows the calculation of the cyclic tensile test of large-grained AZ31 
alloy. After calculation, as shown in Fig. 4-15(a), plastic strain increases gradually at 
100 MPa and increases slowly at 40 and 70 MPa. In Fig. 4-15(b), anelastic strain keeps 
decreasing above fatigue limit, suggesting that twinning-detwinning behavior 
continuously happens. Fig. 4-15(c) shows the relation between cyclic strain increment 
and number of cycle. As observed, a linear relation is obtained. Cyclic strain hardening 
rapidly decreases above fatigue limit, suggesting that non-basal slip occurs. No strain 
hardening happens below fatigue limit, suggesting that only basal slip occurs.  
Fig. 4-16 shows the stress-strain curves of large-grained 006Y samples after cyclic 
tensile test for 10 cycles at room temperature. The yield stress is 57 MPa, and the 
fatigue limit is 30 MPa. Hysteresis loops can found at every stress level. It is indicated 
that {10-12} twinning-detwinning behavior happens easily. Moreover, at all stress levels, 
cyclic strain hardening can be observed. And the cyclic strain increment is larger than 
that of strong basal textured Mg alloys such as pure Mg and AZ31. That means the 
cyclic strain hardening and strain accumulation is more serious in Mg-Y alloys.  
Fig. 4-17 shows the relation between some certain strain values and number of 
cycle in large-grained 006Y alloy. In Fig. 4-17(a), plastic strain keeps increasing at all 
stress levels and increase the fastest at 100 MPa. Fig. 4-17(b) shows the relation 
between anelastic strain and number of cycle. As the cycle increasing, anelastic strain 
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decreases slowly. It is implied that {10-12} twinning-detwinning behavior happens 
continuously. Fig. 4-17(c) shows the relation between plastic strain increment and 
number of cycle. As the cycle increasing, the increment becomes decreased. It is 
suggested that non-basal slip happens above the fatigue limit. On the contrary, only 
basal slip happens below fatigue limit and non-basal slip is hardly activated.  
Fig. 4-18 shows the stress-strain curves of large-grained 06Y alloy during cyclic 
tensile test for 10 cycles with max = 30, 40, 70, and 100 MPa. The yield stress is 63 
MPa, and the fatigue limit is 40 MPa. Hysteresis loops are observed in all cases. The 
shift of the loop bottom position indicates the increase of plastic strain with increasing 
the cycle number. It is noted that the magnitude of the shift decreases after three or four 
cycles. This is due to strain hardening after each cycle of tensile test. The strain 
hardening tendency becomes more obvious with increasing max. Compared to the 
results of AZ31 alloy with nearly the same average grain size, here, strain hardening in 
Mg-Y alloy is more serious. No strain hardening occurs at max = 40 MPa of AZ31 alloy 
while strain hardening at max = 40 MPa of Mg-Y is much larger than that at max = 100 
MPa of AZ31 alloy.  
    Fig. 4-19(a) shows the relation between p and the cycle number N. As explained 
already in Fig. 4-18, p increases gradually with increasing N. At max = 100 MPa, p is 
much greater than at max = 40 and 70 MPa. The a decreases gradually up to the fourth 
cycle at max = 70 and 100 MPa. After the fourth cycle, a tends to become steady. This 
implies that the effect of twinning becomes weak after the fourth cycle. At max = 40 
MPa, a remains unchanged during the whole 10 cycles, suggesting that detwinning is 
fully completed. To understand the strain hardening behavior quantitatively, the relation 
considered in Fig. 4-11 for plastic strain increment, p, and the logarithmic of N can be 
used. The relationship between p and Log N is plotted. With increasing Log N, p 
decreases faster at max = 100 MPa than at max = 40 and 70 MPa. With these calculated 
results, it can be suggested that different deformation modes happen at different stress 
levels. As anelastic strain is nearly unchanged, it is suggested that twinning-detwinning 
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happens. And cyclic strain hardening rapidly decreases above fatigue limit, suggesting 
that non-basal slip occurs. Conversely, no strain hardening happens below fatigue limit, 
suggesting that only basal slip occurs.  
    Fig. 4-20 shows the stress-strain curves of large-grained 1Y samples after cyclic 
tensile test for 10 cycles at room temperature. The yield stress is 112 MPa, and the 
fatigue limit is 60 MPa. AS observed, there are hysteresis behaviors at all stress levels. 
Due to the basal texture in 1Y alloy, {10-12} twinning-detwinning behavior is easily 
activated. Moreover, cyclic strain hardening can be found at the stress levels higher than 
its fatigue limit. It is thus suggested that non-basal slip happens also easily. This is 
because Y addition can promote the activation of non-basal slip by reducing the c/a 
ratio.  
    Fig. 4-21 shows the calculation of 1Y alloy after cyclic tensile test. In Fig. 4-21(a), 
it shows the relation between plastic strain and number of cycle. As the cycle number 
increasing, the plastic strain increases slowly. In Fig. 4-21(b), it shows the relation 
between anelastic strain and number of cycle. The anelastic strain gradually decreases, 
suggesting that twinning-detwinning behavior continuously happens. Fig. 4-21(c) shows 
the relation between plastic strain increment and number of cycle. With the increase of 
cycle number, no strain increment can be found at 40 MPa (below the fatigue limit of 
1Y alloy). And the strain increment is rapidly decreased at 70 and 100 MPa (above its 
fatigue limit). It is suggested that non-basal slip is continuously activated at the stress 
levels higher than fatigue limit.  
    Fig. 4-22 shows the schematic illustration of cyclic tensile test of AZ31 alloy. 
When the stress level is nearly equal to the yield stress, non-basal dislocations are 
activated and dislocation tangles are formed. With the dislocation tangles, serious local 
stress concentration will be generated. Meanwhile, the dislocation tangles make the 
dislocation movement cannot be continued and cyclic strain hardening is thus formed. 
Due to the stress level is still low, detwinning can happen completely. When the stress 
level is higher than the yield stress, {10-12} twinning can be activated and hysteresis 
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loops are observed. The cyclic strain hardening is more serious. And as a result, {10-12} 
twinning cannot disappear. Detwinning cannot be completely finished. And residual 
twin is formed.  
    Fig. 4-23 shows the schematic illustration of cyclic tensile test of 06Y alloy. When 
the stress level is nearly equal to the yield stress, non-basal dislocations are activated 
and dislocation tangles are formed. With the dislocation tangles, serious local stress 
concentration will be generated. The dislocation tangles make the dislocation movement 
cannot be continued and cyclic strain hardening is thus formed. Since the density of 
non-basal dislocations are higher in 06Y alloy than that in AZ31 alloy, the strain in the 
grain interior can be only accommodated by residual twin. When the stress level is 
higher than the yield stress, {10-12} twinning can be activated and hysteresis loops are 
observed. The cyclic strain hardening is more serious. And as a result, {10-12} twinning 
cannot disappear. Detwinning cannot be completely finished. And residual twin is 
formed. The width of residual twin is wider at higher stress level than that at lower 
stress level.  
    Fig. 4-24 shows the calculated results for the constant β. In the case of large grains, 
the two β values are quite different. Note that fatigue limit decreases with the increase 
of β value in both high slope and low slope. Considering that the low slope of strain 
hardening matches the fatigue cycles more accurately, the low β value should be used in 
the evaluation of fatigue limit.  
    As the above-mentioned, 1) hysteresis loops can be found in all the tested Mg 
alloys. For strong basal textured Mg alloys, hysteresis loops occur at the stress levels 
higher than the fatigue limit. For weak basal textured Mg alloys, hysteresis loops occur 
at all stress levels. 2) Cyclic strain hardening only happens at the stress levels higher 
than the corresponding fatigue limit. For strong basal textured Mg alloys, the stress 
level corresponding to the occurrence of cyclic strain hardening should be higher than 
the yield stress. For weak basal textured Mg alloys, the stress level corresponding to the 
occurrence of cyclic strain hardening can be lower than the yield stress. The reasons 
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will be discussed in detail in the discussion chapter.  
 
4.6 Summary  
1. In the case of large grains, AZ31 has the highest fatigue limit, followed by 1.0Y, 
0.6Y, 0.06Y and pure Mg.  
2. The fatigue limit of all tested samples is below their corresponding 
macroyielding stress.  
3. Although the relations between fatigue limit and mechanical properties are 
roughly matched each other, the relations are not in a linear behavior. Inversely, the β 
constant obtained from cyclic tensile test has an excellent relation with fatigue limit. 
Higher β constant corresponds to lower fatigue limit.  
4. Only basal slip occurs below fatigue limit while non-basal slip occurs above 
fatigue limit. Non-basal slip is the origin of fatigue failure in Mg-Y series while double 
twinning is the origin of basal textured AZ31 alloy.  
 
 
 
  
107 
 
References  
[1] Q. Huo, X. Yang, J. Ma, H. Sun, J. Qin, Y. Jiang, Microstructural and textural 
evolution of AZ61 magnesium alloy shet during bidirectional cyclic bending, Mater. 
Charact. 79 (2013) 43-51.  
[2] Q. Huo, X. Yang, H. Sun, B. Li, J. Wang, J. Qin, J. Ma, Enhancement of tensile 
ductility and stretch formability of AZ31 magnesium alloy sheet processed by 
cross-wavy bending, J. Alloys Compd. 581 (2013) 230-235.  
[3] Q. Huo, X. Yang, J. Ma, H. Sun, J. Wang, L. Zhang, Texture weakening of AZ31 
magnesium alloy sheet obtained by a combination of bidirectional cyclic bending at 
low temperature and static recrystallization, J. Mater. Sci. 48 (2013) 913-919.  
[4] S.H. Park, S.G. Hong, C.S. Lee, Role of initial {10− 12} twin in the fatigue 
behavior of rolled Mg–3Al–1Zn alloy, Scr. Mater. 62 (2010) 666-669.  
[5] T. Hanlon, Y.N. Kwon, S. Suresh, Grain size effects on the fatigue response of 
nanocrystalline metals, Scr. Mater. 49 (2003) 675-680.  
[6] H. Wang, P.D. Wu, J. Wang, Modelling the role of slips and twins in magnesium 
alloys under cyclic shear, Comput. Mater. Sci. 96 (2015) 214-218.  
[7] M. Noban, J. Albinmousa, H. Jahed, S. Lambert, A continuum-based cyclic 
plasticity model for AZ31B magnesium alloy under proportional loading. Procedia 
Eng. 10 (2011) 1366-1371.  
[8] Q. Li, Q. Yu, J. Zhang, Y. Jiang, Effect of strain amplitude on tension-compression 
fatigue behavior of extruded Mg6Al1ZnA magnesium alloy. Scr. Mater. 62 (2010) 
778-81.  
[9] S.M. Yin, H.J. Yang, S.X. Li, S.D. Wu, F. Yang, Cyclic deformation behavior of 
as-extruded Mg-3%Al-1%Zn, Scr. Mater. 58 (2008) 751-754.  
[10] Y.J. Wu, R. Zhu, J.T. Wang, W.Q. Ji, Role of twinning and slip in cyclic deformation 
of extruded Mg-3%Al-1%Zn alloys, Scr. Mater. 63 (2010) 1077-1080.  
[11] F. Lv, F. Yang, S.X. Li, Z.F. Zhang, Effects of hysteresis energy and mean stress on 
low-cycle fatigue behaviors of an extruded magnesium alloy, Scr. Mater. 65 (2011) 
108 
 
53-56.  
[12] S.M. Yin, F. Yang, X.M. Yang, S.D. Wu, S.X. Li, G.Y. Li, The role of 
twinning-detwinning on fatigue fracture morphology of Mg-3%Al-1%Zn alloy, 
Mater. Sci. Eng. A 494 (2008) 397-400.   
[13] M. Matsuzuki, S. Horibe, Analysis of fatigue damage process in magnesium alloy 
AZ31, Mater. Sci. Eng. A 504 (2009) 169-174.  
[14] L. Nascimento, S. Yi, J. Bohlen, L. Fuskova, D. Letzig, K.U. Kainer, High cycle 
fatigue behaviour of magnesium alloys, Procedia Eng. 2 (2010) 743-750.  
[15] D. Griffiths, Explaining texture weakening and improved formability in magnesium 
rare earth alloys, Mater. Sci. Technol. 31 (2015) 10-24.  
[16] F.A. Mirza, D.L. Chen, Fatigue of rare-earth containing magnesium alloys: a review, 
Fatigue Fract. Eng. Mater. Struct. 37 (2014) 831-853.  
[17] F. Yang, F. Lv, X.M. Yang, S.X. Li, Z.F. Zhang, Q.D. Wang, Enhanced very high 
cycle fatigue performance of extruded Mg-12Gd-3Y-0.5Zr magnesium alloy, Mater. 
Sci. Eng. A 528 (2011) 2231-2238.  
[18] D.K. Xu, L. Liu, Y.B. Xu, E.H. Han, The fatigue crack propagation behavior of the 
forged Mg-Zn-Y-Zr alloy, J. Alloys Compd. 431 (2007) 107-111.  
[19] D.K. Xu, L. Liu, Y.B. Xu, E.H. Han, The mirco-mechanism of fatigue crack 
propagation for a forged Mg-Zn-Y-Zr alloy in the gigacycle fatigue regime, J. 
Alloys Compd. 454 (2008) 123-128.  
[20] D.K. Xu, L. Liu, Y.B. Xu, E.H. Han, The fatigue behavior of I-phase containing 
as-cast Mg-Zn-Y-Zr alloy, Acta Mater. 56 (2008) 985-994.  
[21] J. Dong, W.C. Liu, X. Song, P. Zhang, W.J. Ding, A.M. Korsunsky, Influence of heat 
treatment on fatigue behavior of high-strength Mg-10Gd-3Y alloy, Mater. Sci. Eng. 
A 527 (2010) 6053-6063.  
[22] S.M. Yin, H.J. Yang, S.X. Li, S.D. Wu, F. Yang, Cyclic deformation behavior of 
as-extruded Mg–3% Al–1% Zn, Scr. Mater. 58 (2008) 751-754.  
[23] C.L. Fan, D.L. Chen, A.A. Luo, Dependence of the distribution of deformation 
109 
 
twins on strain amplitudes in an extruded magnesium alloy after cyclic deformation, 
Mater. Sci. Eng. A 519 (2009) 38-45.  
[24] Q. Huo, D. Ando, Y. Sutou, J. Koike, Stress-strain hysteresis and strain hardening 
during cyclic tensile test of Mg-0.6at%Y alloy, Mater. Sci. Engi. A 678 (2016) 
235-242.  
[25] J. Koike, N. Fujiyama, D. Ando, Y. Sutou, Roles of deformation twinning and 
dislocation slip in the fatigue failure mechanism of AZ31 Mg alloys, Scr. Mater. 63 
(2010) 747-750.  
[26] S. Begum, D.L. Chen, S. Xu, A.A. Luo, Effect of strain ratio and strain rate on low 
cycle fatigue behavior of AZ31 wrought magnesium alloy, Mater. Sci. Eng. A 517 
(2009) 334-343.  
 
 
 
 
 
  
110 
 
Figures  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-1 Initial microstructures of (a) pure Mg, (b) 006Y, (c) 06Y, (d) 1Y and (e) 
AZ31 alloys after homogenization annealing. 
 
(a)  (b)  
(d)  
(e)  
(c)  
111 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-2 Typical OIM maps of (a) pure Mg, (b) 006Y, (c) 06Y, (d) 1Y and (e) 
AZ31 alloys after homogenization annealing. 
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Fig. 4-4 (a) Strain hardening rate of 06Y sample. 
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Fig. 4-4 (b) Strain hardening rate of pure Mg sample, (c) strain hardening rate of 
006Y sample. 
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Fig. 4-4 (d) Strain hardening rate of 1Y sample, (e) strain hardening rate of AZ31 
sample. 
(e)  
(d)  
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Fig. 4-5 S-N curves of 006Y, 06Y, 1Y and AZ31 alloys. 
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 Fig. 4-6 Relation between fatigue limit and yield stress. 
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Fig. 4-7 Relation between fatigue limit and ultimate tensile stress. 
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Fig. 4-8 Relation between fatigue limit and ductility. 
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Fig. 4-9 (a) Schematic illustration of cyclic tensile loading. 
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Fig. 4-9 (b) Schematic illustration of anelastic strain. 
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 Fig. 4-10 Schematic illustration of cyclic strain hardening. 
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Fig. 4-11 Calculation for cyclic strain hardening. 
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Fig. 4-12 Cyclic tensile test of large-grained pure Mg at (a) 10 MPa, (b) 20 MPa. 
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Fig. 4-12 Cyclic tensile test of large-grained pure Mg at (c) 60 MPa, (d) 90 MPa. 
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Fig. 4-13 (c) Relation between cycle number and plastic strain increment in 
large-grained pure Mg.  
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Fig. 4-14 Cyclic tensile test of large-grained AZ31 alloy at (a) 30 MPa, (b) 40 MPa. 
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Fig. 4-14 Cyclic tensile test of large-grained AZ31 alloy at (c) 70 MPa, (d) 
100 MPa.  
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strain in large-grained AZ31 alloy.  
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Fig. 4-15 (c) Relation between cycle number and plastic strain increment in 
large-grained AZ31 alloy.  
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Fig. 4-16 Cyclic tensile test of large-grained 006Y alloy at (a) 20 MPa, (b) 
30 MPa.  
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Fig. 4-16 Cyclic tensile test of large-grained 006Y alloy at (c) 70 MPa, (d) 
100 MPa.  
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Fig. 4-17 Relation between cycle number and (a) plastic strain and (b) anelastic 
strain in large-grained 006Y alloy.  
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Fig. 4-17 (c) Relation between cycle number and plastic strain increment in 
large-grained 006Y alloy.  
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Fig. 4-18 Cyclic tensile test of large-grained 06Y alloy at (a) 30 MPa, (b) 
40 MPa.  
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Fig. 4-18 Cyclic tensile test of large-grained 06Y alloy at (c) 70 MPa, (d) 
100 MPa.  
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Fig. 4-19 Relation between cycle number and (a) plastic strain and (b) anelastic 
strain in large-grained 06Y alloy.  
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 Fig. 4-19 (c) Relation between cycle number and plastic strain increment in 
large-grained 06Y alloy.  
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Fig. 4-20 Cyclic tensile test of large-grained 1Y alloy at (a) 40 MPa, (b) 70 
MPa.  
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Fig. 4-20 Cyclic tensile test of large-grained 1Y alloy at (c) 100 MPa, (d) 
120 MPa.  
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Fig. 4-21 Relation between cycle number and (a) plastic strain and (b) anelastic 
strain in large-grained 1Y alloy.  
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Fig. 4-21 (c) Relation between cycle number and plastic strain increment in 
large-grained 1Y alloy.  
(c)  
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0
1
2
3
4
5
6
7
40 MPa 
70 MPa 
100 MPa 

 p
 /
 1
0
-4
 
Log N 
 
 
144 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-22 Schematic illustration of cyclic tensile test in AZ31 alloy. 
(a)  
(b)  
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Fig. 4-23 Schematic illustration of cyclic tensile test in 06Y alloy. 
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Fig. 4-24 Relation between fatigue limit and the constant β. 
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Alloys  YS / MPa  UTS / MPa  FE / %  
Pure Mg  65   144  4.4  
006Y 59 157 8.4 
06Y  63  197  26.5  
1Y  112  211  23.8  
AZ31  79  198  10.3  
Table 4-1 Mechanical properties of large-grained samples. 
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Chapter 5 Discussion  
5.1 Surface observation  
Since the fatigue limit should be treated as the stress level where no fatigue failure 
happens during fatigue cycles. If the stress level is set above the fatigue limit, then 
fatigue failure will happen. Thus, the dominant deformation mechanisms at fatigue limit 
is not the origin of fatigue limit while the dominant deformation mechanisms above 
fatigue limit is the origin of fatigue limit.  
Fig. 5-1 shows the surfaces of 06Y samples after cyclic tensile test for 10 cycles at 
different stress levels. These typical SEM images can represent the most active 
deformation modes in 06Y. Based on the above results in Chapter 3, the fatigue limit of 
large-grained 06Y sample is at 40 MPa. That is to say, no fatigue failure happens after 
107 cycles. 70 MPa is near yield stress and 100 MPa is above yield stress. The sample 
has fatigue failure at the two high stress levels. So the deformation modes at 70 and 100 
MPa are the most likely origins of fatigue failure. In the typical SEM images, 
characteristic regions are circled by red dotted lines. At 40 MPa, only straight lines can 
be observed in Grain A. They are basal slip. So only basal slip occurs at fatigue limit. 
And basal slip cannot induce fatigue failure. At 70 MPa, it is near yield stress and 
higher than fatigue limit. There are additional slip traces. In Grain B, we can observe 
two straight lines crossing by 120°. Besides, in Grain C, we can observe wavy lines. At 
100 MPa, more wavy lines can be observed in Grains D, E and F. It seems the wavy slip 
lines are the origin of fatigue failure. But the slip type still cannot be proved by only 
using SEM observation. More detailed analysis is needed.  
 
5.2 Cross-section observation  
5.2.1 Cross-slip  
    Fig. 5-2(a) shows the surface of 06Y sample after fatigue test. There are two 
straight lines crossing by 120°. Make one TEM sample by using FIB, and use two-beam 
mode to observe the bright field in Fig. 5-2(b). The incident beam direction is [1-210]. 
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Then all basal planes and two prismatic planes are parallel to the incident beam 
direction. When the diffraction vector g = [0001], no dislocation can be observed. Under 
this two-beam condition, all a-dislocations cannot be observed. Therefore, it means that 
no c-component exists in the two straight slip lines and only a-dislocations exist. Thus, 
it is confirmed that the cross-slip lines are comprised of one basal slip and one prismatic 
slip, as shown by the schematic illustration in Fig. 5-2(c). Besides, there is no obvious 
fatigue crack around the region of cross-slip. It is suggested that cross-slip is not the 
origin of fatigue failure in Mg-Y alloy.  
 
5.2.2 Pyramidal slip  
    Fig. 5-3 shows two typical SEM images of the surfaces of 06Y samples after 
fatigue test. On the surfaces, there are wavy slip lines and fatigue cracks along grain 
boundaries. It is thus suggested that the wavy slip lines are the origin of fatigue failure 
in 06Y alloy. To identify the slip type of wavy lines, TEM observation will be used in 
the follows.  
    Fig. 5-4(a) shows the surface of 06Y sample, on which obvious fatigue crack can 
be easily observed. Using FIB to make one TEM sample along the yellow line, and 
observe bright field by two-beam mode. The incident beam direction is B = [1-210]. 
When the diffraction vector g = [0001], all a-dislocations cannot be observed. Then all 
the observed dislocations in Fig. 5-4(b) are manifested to be c-dislocations. It can 
concluded that pyramidal <c+a> dislocations exist in 06Y sample after fatigue failure. 
In other words, the origin of fatigue failure in 06Y sample is pyramidal slip. 
Furthermore, obvious slip-step is formed on the surface. The slip-step may be the initial 
point for further crack propagation during fatigue cycles. Fig. 5-4(c) shows the typical 
OIM map obtained by using T-EBSD method. T-EBSD method is a new method to 
examine the crystallographical orientation information. After making TEM sample by 
using FIB, directly set the TEM sample in the SEM-EBSD machine. The backscatter 
detector will collect the information from the same the theory as TEM. As observed in 
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Fig. 5-4(c), the grain is colored by green. It is suggested that the observed grain has its 
c-axis perpendicular to the observation direction. Take the diffraction vector in Fig. 
5-4(b) into consideration, the slip type on the surface is basal slip, and the slip-step is 
caused by pyramidal slip.  
    Fig. 5-5 shows the schematic illustration of pyramidal slip inducing slip-step. 
Assuming that the slip-step is induced by basal slip, there will be no step occurring on 
the surface, for that basal slip will move forward continuously. Assuming that the 
slip-step is caused by prismatic slip, it is in the same case with that of basal slip. There 
will be no slip-step on the surface, due to a-dislocations cannot induce the strain along 
another direction like c-axis of one grain. See the case of pyramidal slip, which is 
comprised of c-dislocation and a-dislocation. Pyramidal slip can induce the strain along 
c-axis or having large angles to the c-axis. As such, <c+a> will move onto the surface 
and cause the formation of slip-step. As the number of fatigue cycle increasing, slip-step 
will become wide and induce fatigue crack, and fatigue crack will extend until the 
sample is failure. Thus, the slip-step in Fig. 5-4(b) is manifested to be induced by 
pyramidal slip, which is the origin of fatigue failure.  
    Fig. 5-6 shows the TEM bright field observed in the another region. In Fig. 5-6(a), 
make one another TEM sample near the triple point along the yellow line by using FIB. 
The bright field under low magnification is shown in Fig. 5-6(b). One crack on the 
surface can be obviously observed. The slip type in the region near the crack should be 
identified. In Fig. 5-6(c), the incident beam direction is B = [1-210] and two-beam mode 
is also used here. When the diffraction vector g = [0001], all the observed dislocations 
are c-type. Thus, there are pyramidal dislocations in the region of fatigue crack. It is 
further confirmed that pyramidal slip is the origin of fatigue failure in 06Y sample. Fig. 
5-6(d) shows the schematic illustration of pyramidal slip inducing fatigue crack. As can 
be seen, when pyramidal slip is activated, <c+a> dislocations will move towards the 
surface of 06Y sample. Due to pyramidal <c+a> dislocation can be dissolved into one 
sessile <c> dislocation and one glissile <a> dislocation, c-dislocation can act as a lock 
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after being activated [1-3]. Then the strain caused by c-dislocation becomes larger than 
the strain only caused by a-dislocation. During fatigue cycles, a-dislocation can move 
free, but c-dislocation cannot move free and lock the further deformation. When the 
applied stress is improved, more and more pyramidal dislocations will move onto the 
sample surface. As a result, the sample is failure. That’s the reason why Mg-Y alloys 
have lower fatigue limit than that of AZ31 alloy. Moreover, the external stress or 
applied stress must be improved beyond the CRSS of pyramidal slip, although the 
CRSS of pyramidal slip becomes nearer to the CRSS of basal slip. As a result, 
pyramidal slip is continuously activated when the instantaneous stress is above its 
CRSS during fatigue cycles.  
    Now, the slip types in Fig. 5-1 can be all confirmed based on the above discussions. 
At 40 MPa, which is the fatigue limit of 06Y sample, only basal slip occurs and basal 
slip is not the origin of fatigue failure. At 70 MPa, there is fatigue failure. Both 
cross-slip and pyramidal slip occur. The two straight slip lines crossing by 120° is 
comprised of one basal slip and one prismatic slip. And the wavy lines are identified to 
have both a- and c-components, which is pyramidal slip. Cross-slip is confirmed not to 
be the origin of fatigue failure. Unlikely, when the stress level is increased to 100 MPa, 
the amounts of pyramidal dislocations are increased. It is thus confirmed that pyramidal 
slip is the origin of fatigue failure.  
 
5.3 Residual twin  
    Fig. 5-7 shows typical SEM and OIM maps rapidly after tensile tests without any 
surface treatment. When peak stress is controlled at 70 MPa, obvious slip traces can be 
easily observed. With the assistance of basal plane traces and hexagonal prisms, it can 
be suggested that both basal slip and prismatic slip occur during cyclic deformation. 
Meanwhile, abrupt misorientation changes of about 86° reveal that {10-12} tension 
twinning also happens, although twinning always tends to be inhibited by weakened 
basal texture. Furthermore, the grain within prismatic slip has no twins, but other grains 
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have obvious twins. It is implied that {10-12} twins may have some relations to the 
activation of pyramidal slip. This will be discussed in detail later in this section.  
Fig. 5-8 shows the typical OIM maps of fine-grained 06Y samples after cyclic 
tensile test for 10 cycles. Since the projection axis is parallel to ND, blue and green 
grains denote grains with their c-axis perpendicular to ND, and red grains have their 
c-axis parallel to ND. As can be seen, there is no twin at all the applied stress levels. 
Thus, in the case of fine grains, it is speculated that no residual twins are remained. It is 
noteworthy here that the results of these typical OIM maps are obtained after unloading 
back to zero stress. Whether there is twinning-detwinning behavior during 
loading-unloading cycles remains unclear. As it is difficult to catch the instant of 
loading to peak stress, it can only be deduced here that the fine grain size (below 10 μm) 
probably has no twinning-detwinning behavior. Since the cyclic stress-strain curves of 
06Y sample at high applied stress level has apparent hysteresis loops, it is deduced that 
twinning-detwinning behavior is possibly activated if the stress level is high enough. If 
no, there should be no hysteresis loops, like the case of low stress level. Although 
fine-grained Mg alloys are difficult to activate twinning, twinning will be activated if 
the stress level is much higher than its CRSS value. In this condition, twinning will act 
as an additional deformation to accommodate the plastic deformation together with 
non-basal slip. Besides, the grain orientations still keep random after cyclic tensile test. 
As Mg-Y alloy has reduced c/a ratio and increased activity for non-basal slip, non-basal 
is thus activated during cyclic tensile test. Assuming that only basal slip is activated like 
AZ31 alloy, then the grain orientations would be rotated towards basal plane and the 
grains would be all colored into red. Only when non-basal slip especially pyramidal slip 
is activated, the grain orientations can keep random distributions in all the stress levels.  
    Fig. 5-9 shows the typical OIM maps of large-grained 06Y samples after cyclic 
tensile test for 10 cycles. The projection axis is still parallel to ND, blue and green 
grains denote grains with their c-axis perpendicular to ND, and red grains have their 
c-axis parallel to ND. As observed, when the applied stress is at 70 and 100 MPa, 
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residual twins can be found interior the grains. All the residual twins have lamellar 
shape. In Fig. 5-10, the black lines represent grain boundaries while the blue lines 
represent {10-12} tension twins with misorientations of 86°. As can be confirmed, all 
the residual twins in Fig. 5-9 are detected to be {101̅2} type. At max = 40 MPa, which 
is the fatigue limit, the grains have no obvious orientation gradient and no twins after 
10th or 100th cycles. It is implied that twinning-detwinning happens completely and no 
residual twins are remained. The evidence of twinning behavior at 40 MPa is that the 
obvious hysteresis loops observed during cyclic tensile test. It has been known that the 
hysteresis loops are due to the thickening and thinning of twins, or twinning and 
detwinning, during loading and unloading [4-6]. Although the plastic strain induced by 
non-basal slip and anelastic strain induced by {10-12} twinning are limited, the 
behavior cannot be neglected. At max = 70 MPa, some twins are observed within grains, 
which are the so-called “residual twins”. At max = 100 MPa, more residual twins are 
observed. Color variation within a grain is also detected insides some grains, which is 
caused by internal orientation gradient. The orientation gradient indicates the 
accumulation of significant strain. As the stress level increasing, the number of residual 
twins in increased both at 70 and 100 MPa. And the increasing rate is faster at 100 MPa 
than that at 70 MPa, which means twinning-detwinning behavior is more serious and 
the anelastic strain is increased faster at high stress level.  
    Although the CRSS of non-basal slip is decreased in Mg-Y alloys, even the CRSS 
of prismatic slip is possibly reduced to below the CRSS of {10-12} twinning, residual 
twins are still largely found. It is thus meaningful and necessary to analyze the 
formation of residual twins and its influenced factor.  
    Firstly, in strong basal textured Mg alloys, as many previous work reported, 
twinning is easily to be activated as soon as the stress is subjected to the sample. As the 
resolved shear stress for detwinning is lower than activating new dislocations, 
detwinning is easily complete at first. As the cycle number increasing and deformation 
becoming heavier, detwinning behavior is harder. New dislocations will be activated 
154 
 
and move towards twin boundaries to impede the complete detwinning. As a result, the 
number of residual twins is increased. When the cycle number is further increased or the 
stress level is higher, the high-density dislocations can impede more twins from 
detwinning [7]. And the number of residual twins becomes more. In basal textured Mg 
alloys, residual twins are always found to be the initial point for fatigue failure. And the 
fatigue crack would further propagate from the tip of residual twin boundary [8]. 
However, on the other hand, the twinning-detwinning behavior may be helpful to 
improve the fatigue limit. During fatigue cycles, twinning-detwinning would make 
{10-12} twins continuously appear and disappear. In this way, {10-12} twins with 
lamellar structures occupy most regions of one grain. Some facets and cleavages are 
usually identified between adjacent lamellar structures, it is suggested that residual 
twins induce crack initiation during fatigue testing. Cracks can quickly propagate in the 
smooth facets owing to their low fracture toughness, and the direction of crack 
propagation is often perpendicular to the striations. In contrast, if {10-12} twins are 
preset to Mg alloys, then the preset {10-12} twins will lead to the rough route taken by 
crack propagation. Furthermore, the pre-formed twins can provide crack opening and 
closure more frequently through detwinning and twinning. Accordingly, the crack 
propagation will be delayed. And the sample after fatigue crack will have a less 
fractured appearance compared with that of Mg alloys without preset twins. Meanwhile, 
preset twins can intersect each other to cause grain refinement. According to the 
Hall-Petch relationship at RT, the yield stress depends on the grain size. With decreasing 
grain size, the yield stress will be increased. Then the resolved shear stress for new 
twins is improved and the number of residual twins is decreased. Published reports 
suggested that detwinning is more easily activated than twinning when pre-twinned Mg 
alloys are deformed. The reason is that detwinning is a migration process involving 
metastable twin boundaries and does not require nucleation. Twin boundaries migrate 
easily under low external stress regardless of loading direction or pre-formed twin 
orientations. As a result, detwinning happens before twinning during deformation. 
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When detwinning is hampered by high-density basal dislocation pile-ups, detwinning 
cannot be fully completed and then the pre-formed twins remain and the stress-strain 
curve reaches the yield point. The nucleation of new twins will take place to 
accommodate further plastic deformation. Therefore, detwinning dominates the stage 
from zero stress to the yield stress in the pre-twinned samples. When the stress 
amplitude is too high for complete detwinning, residual twins are formed. Those 
residual twins induce crack initiation, propagation, and final failure [9]. That is to say, 
detwinning-twinning governs the behavior during the early fatigue cycles. The 
occurrence of residual twins is postponed until the stress amplitude is high enough and 
detwinning is impeded by dislocation pile-ups. It is obvious that pre-twinning induced 
by cyclic torsion can improve the yield stress, delay the occurrence of residual twins, 
and enhance the fatigue properties of strong basal textured Mg alloys. 
Secondly, in weak basal textured Mg alloys, such as Mg-Y alloys used in this work, 
the formation of residual twins may be different due to the reduced CRSS of pyramidal 
slip. Fig. 5-11 shows the schematic illustration of the formation of {10-12} residual 
twins in Mg-Y alloy. Assume that the Mg-Y alloy has large grain size about 200 μm, 
like the case of this work. When the stress amplitude is lower than the fatigue limit of 
Mg-Y alloy, only basal slip is activated during tensile loading. Basal a-dislocations 
would move towards the opposite side of grain boundary [10]. Since basal dislocations 
would induce stress concentration in the grain interior, {10-12} tension twinning is then 
activated and basal dislocations would pile up along the twin boundary, as shown in Fig. 
5-11(a). During unloading, basal a-dislocations would move backwards and the back 
stress would cause the disappearance of {10-12} twins. That is the so-called 
“detwinning”. In the early fatigue cycles, detwinning behavior would be finished 
completely. That is the so-called “complete detwinning”. Inversely, when the stress 
amplitude is higher than the fatigue limit, pyramidal slip would be activated. The c+a 
dislocations would also move towards the opposite side of grain boundary. Due to the 
larger local stress compared to basal a-dislocations, wider {10-12} tension twins would 
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be activated. If the pyramidal c+a dislocation is dissolved into a-dislocation and 
c-dislocation, then the formation of the residual {10-12} twins can be understood easily. 
As is well-known in Mg alloys, a-dislocation is glissile while c-dislocation is sessile. 
Under this consideration, c-dislocations would pile up along the twin boundary during 
unloading. Only a-dislocations can move backwards [11]. As a result, the remained 
c-dislocations would pin and delay the detwinning behavior. Residual {10-12} twins are 
thus formed. Since the external stress is disappeared and the a-dislocations move back, 
the width of residual twin is narrower than the initially formed {10-12} twin during 
loading.  
Thirdly, the type of residual twins can be classified as either “normal” or 
“anomalous” twins, based on relative orientation relation between the twins’ <c> axis 
direction and the external stress direction [12]. It is known from geometrical 
consideration that the normal twins are formed under tension in the <c> axis and under 
compression in the <a> axis [9-12]. On the other hand, the “anomalous” twins are 
formed in geometrically impossible conditions under compression in the <c> axis and 
tension in the <a> axis, or under external stress acting upon grains with their <c> axis 
having large angle from loading direction. In Fig. 5-9, normal residual twins are seen in 
red, whereas anomalous residual twins are seen in other colors than red. Fig. 5-12 shows 
how to distinguish between normal and anomalous twins in representative grains in Figs. 
5-9(b) and (c). In stereographic projections of Fig. 5-12, {0001} poles of matrices and 
twins are indicated with black solid and blue open symbols, respectively. The tensile 
direction is along ED. Figs. 5-12(a) and (c) show the case of normal twins which 
accompany the rotation of {0001} pole from ED and its adjacent to ND. Note that the 
matrix {0001} poles are nearly parallel to the tension direction, namely, producing 
tension twins. Fig.s. 5-12(b) and (d) show the case of anomalous twins. In this case, the 
matrix (0001) poles are tilted from ED, indicating the high activity of basal slip. The 
twin poles are located along the line connecting ND and TD. These analyses of twin 
type indicate that most of the residual twins observed in Fig. 5-9 are of the anomalous 
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type that accompanies the high basal slip activity. The formation of anomalous twins 
can be explained by the schematic illustration in Fig. 5-13. Along the two adjacent 
grains A and B, the strain should be balanced in each grain interior. If the internal strain 
Aslip and Bslip in Grains A and B are not equal, then extra strain A will be induced. To 
keep the plastic compatibility, {10-12} twinning is thus activated since the CRSS of 
twinning is the nearest to the CRSS of basal slip at room temperature. In this way, 
anomalous twin will be detected in the grain with high Schmid factor of basal slip.  
Fourthly, when stress is small to activate only basal slip and twinning, basal slip 
would occur first and basal dislocations would be piled up at grain boundaries. This 
would give rise to the build-up of back stress, leading to the formation of anomalous 
twins. During unloading, back stress drives the reverse movement of basal slip that is 
accompanied by detwinning. Therefore, basal slip and anomalous twinning occur in a 
synchronous manner. This is consistent with the observation in Fig. 5-12, showing the 
concomitant activity of the basal slip and the anomalous twinning. Also, as shown in 
Fig. 4-17 at max = 40 MPa, a remains nearly unchanged from the beginning till the 
final 10th cycles. This is due to the completely reversible activity of basal slip, twinning 
and detwinning without non-basal slip relieving the back stress. Meanwhile, when 
external stress becomes large and the amount of non-basal slip is increased in the grain 
under consideration as well as in its surrounding grains, back stress is partially or 
entirely relieved by the non-basal slip. Thus, the driving force for the reversal 
movement of basal slip and detwinning are also expected to diminish. For this reason, 
as shown in Fig. 4-17 at the large values of max = 70 and 100 MPa, a decreases with 
increasing the cycle number where non-basal slip is active. It may be argued that 
anomalous twins are not formed during loading, but during unloading as reported in 
some previous publications [13-15]. However, Jain et al. [16] used in-situ neutron 
diffraction measurements and confirmed that anomalous twins, the same type as in the 
present work, are indeed formed during tensile loading. Koike et al. [17] performed 
calculation of strain tensors associated with basal slip, and showed that anomalous twins 
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can be activated to compensate strain incompatibility among grains. Furthermore, at 
max = 70 and 100 MPa in this work, geometrically feasible twins are fewer than 
anomalous ones (Fig. 5-12). Therefore, the hysteresis loops are considered to be mainly 
caused by anomalous twins upon loading and detwinning during unloading. In 
consideration of these reasons, the name “anomalous” twins are applied in this work.  
 
5.4 Fatigue failure in Mg alloys  
5.4.1 Effect of grain size and basal texture  
    Fig. 5-15 shows the schematic illustration of different origins of fatigue failure in 
AZ31 and Mg-Y alloys. AZ31 alloy has a strong basal texture while Mg-Y alloy has a 
weak basal texture. Firstly, in the case of fine grain size, the space in the grain interior is 
narrow. The activities for basal slip in AZ31 and Mg-Y alloys are nearly the same at 
room temperature. For non-basal slip, although the movement of non-basal dislocations 
are monotonic, non-basal dislocations can move to the opposite side of grain boundary 
since the space is narrow. Also, during unloading or loading along the opposite direction, 
non-basal dislocations can certainly move backwards to the initial grain boundary. As a 
result, non-basal slip can induce strain hardening in both AZ31 and Mg-Y alloys. 
Furthermore, prismatic slip is comprised of a-dislocations and pyramidal slip is 
comprised of c+a dislocations. Only pyramidal slip can cause the strain along the c-axis 
during loading. Thus, pyramidal slip is the origin of fatigue failure in both AZ31 and 
Mg-Y alloys. For fine-grained AZ31 alloy, although twinning is hardly activated, 
twinning can be activated if the stress level is high enough. Secondly, in the case of 
large grain size, only basal a-dislocations can successfully move to the opposite side of 
grain boundary. The wide space in the large grain interior impedes the movement of 
non-basal dislocations. For the strong basal textured AZ31 alloy, non-basal dislocations 
can be only activated and move just near the grain boundaries. The strain in the center 
of the grain interior must be compensated. Consequently, the large strain is 
accommodated by {10-11} compression twin. As the CRSS of compression twin is 
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much higher than non-basal slip and tension twinning, compression twin is exists alone. 
Usually, {10-12} tension twins are easily activated following the activation of {10-11} 
compression twins. As shown in Fig. 5-15, in AZ31 alloy, {10-12} tension twin is 
activated besides {10-11} compression twin, which is the double twinning behavior. 
Unlikely, in the case of large-grained Mg-Y alloy, since the activity for non-basal slip is 
reduced, multiple non-basal dislocations can be activated along the grain boundaries 
[18]. Meanwhile, the strain in the center region will be accommodated by {10-12} 
tension twin. {10-11} compression twin is hardly activated here in Mg-Y alloy, due to 
the large number of non-basal dislocations can compensate the strain induced by basal 
dislocations to some extent.  
    To conclude, the different fatigue failure mechanisms of AZ31, Mg-Gd-Y and 
Mg-Y alloys are listed in Table 5-1. As can be seen, AZ31 alloy has a strong basal 
texture but Mg-Gd-Y and Mg-Y alloys have a weak texture. The strong basal texture 
leads to the hard activity for non-basal slip in AZ31 alloy. When the stress level is high 
enough, non-basal slip especially prismatic slip would be activated. Prismatic slip and 
basal slip would move towards two different directions by crossing each other at a 
degree of 120°. That is the cross-slip. The cross-slip would cause stress concentration in 
the corresponding grain interiors. To release the stress concentration, {10-11} 
compression twin would be activated in the adjacent grain interior. As the compression 
twin would cause obvious orientation change, {10-12} tension twin would be activated 
to accommodate the serious orientation change. Thus, the double twinning behavior 
takes place. As the double twinning would cause severe strain around the double 
twinned region, the sample surface would certainly have surface-step. Then fatigue 
crack would be induced from the surface step and propagate quickly. For Mg-Gd-Y 
alloy, it has a large number of particles during fatigue cycles due to the dynamic 
precipitation. Since Mg-Gd-Y alloy has a weak basal texture, both basal slip and 
non-basal slip can be activated very easily. These slip bands with the same or different 
Burgers vectors would pile up along the particles and cause stress concentration. With 
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the number of fatigue cycles increasing, the stress concentration accumulates and cause 
crack initiation at last. For Mg-Y alloy, it has a weak basal texture and nearly no 
particles during heat treatment or fatigue cycles. Since Mg-Y alloy has high activities 
for both prismatic slip and pyramidal slip, prismatic slip and basal slip would form the 
cross-slip. Based on the results in Chapter 4, cross-slip does not cause the fatigue failure 
in Mg-Y alloy. Pyramidal slip is confirmed to be the origin of crack initiation in Mg-Y 
alloy as stated above.  
 
5.4.2 Effect of lattice structure  
    Researches about fatigue mechanisms and fatigue properties have been studied for 
many years in different structural metals. Among the researches, some metals have real 
fatigue limit but some metals have no real fatigue limit with only proof fatigue limit by 
defining the stress level for 107 cycles without any cracks. Some typical metals with real 
fatigue limit contain Mg, α-Ti, brass and γ-Fe, while the typical metals without real 
fatigue limit contain Al, Ni and α-Fe. It is necessary to understand the reason for 
different occurrence of fatigue limit in theses typical alloys. Al is one of the most 
common structural metals in our life. Together with Mg, the reason can be explained by 
Figs. 5-16 and 5-17. Fig. 5-16 shows the schematic illustration for Al alloys. In the S-N 
curve of Al alloys, the stress amplitude keeps decreasing with the increase of the 
number of fatigue cycle [19]. Al alloys have no real fatigue limit. Proof fatigue limit is 
defined as the stress level for no crack happens after 107 cycles. If the number of cycle 
is further increased, there would be fatigue crack initiated. The reason can be explained 
as follows. The dominant mechanism for Al alloys during fatigue cycles are dislocation 
slip on the {111} plane. When the stress level is low, lower than the proof fatigue limit, 
the number of primary dislocations and secondary dislocations is low. Since Al alloys 
have a great many of {111} planes and the dislocations on {111} plane are easily to be 
activated, the primary slip and secondary slip can cross each other easily. Then the 
cross-slip is thus likely formed. If the stress level is improved, then the number of both 
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primary dislocations and secondary dislocations are synchronously increased. The 
cross-slip will be heavily generated. And fatigue crack will be found at the region where 
is of high-density cross-slip. In a word, high stress level can cause high-density 
cross-slip, and high-density cross-slip can cause early fatigue crack initiation.  
    On the contrary, in the case of Mg alloys, as shown in Fig. 5-17, there is real 
fatigue limit existing in Mg alloys during fatigue cycles. And the S-N curve has a 
prominent bending point around 105 cycles. Based on the classical definition of fatigue 
test, the number of cycle below 105 cycles is called low-cycle fatigue while the number 
of cycle above 105 cycles is called high-cycle fatigue. The bending point always occurs 
at the critical point between low-cycle fatigue and high-cycle fatigue. The real fatigue 
limit means that if further cycle is subjected to Mg alloys after 107 cycles, there would 
be still no fatigue crack initiation. The reason can be explained as follows. In the period 
of low-cycle fatigue, as the results and discussion about pyramidal slip in the present 
study, there would be plenty of pyramidal slip happening in the Mg-Y alloy samples. 
The pyramidal slip is the origin of fatigue failure in Mg-Y alloy under high stress level. 
When the stress level is reduced to below fatigue limit, pyramidal slip is hardly to be 
activated. Only basal slip can be found in the samples. Then there would be no origin of 
fatigue failure. Mg alloys can continuously undertake the fatigue cycles. Of course, in 
AZ31 alloy which has a strong basal texture, it has no pyramidal slip in the low-cycle 
fatigue period. However, double twinning can be found to be the origin of surface step. 
Double twinning is caused by stress concentration. Stress concentration is caused by the 
stress concentration in the adjacent grain in which cross-slip is existed. If the stress level 
is lower than fatigue limit of AZ31 alloy, there would be no cross-slip. Then there 
would be no double twinning. Therefore, different deformation modes cause different 
fatigue behaviors in low-cycle fatigue period and high-cycle fatigue period.  
 
5.4.3 Enhancement of fatigue limit in Mg alloys  
    To improve the fatigue limit of Mg alloys, some possible solutions have been put 
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forward. Such as the results in the present work, the fatigue limit in fine-grained Mg 
alloys is higher than the fatigue limit in large-grained Mg alloys. This is because the 
obvious effect of grain refinement. The classical Hall-Petch relation can be referred here 
[5]. The finer grain size corresponds to the higher yield stress at room temperature. And 
the increasing speed for the yield stress is much higher in Mg alloys than that in Al 
alloys. Grain size is small, the more grain number per unit volume, can make the 
deformation scattered doctoral dissertation AZ31 Mg alloy fatigue behavior research 
conduct in more grains. In addition, by grain refinement can make the dislocation glide 
path and dislocation length shorten product group decreases. Small near grain boundary 
stress concentration, so that the plastic was improved [20]. As a result, for fine grain, 
especially superfine crystal. The solutions are including rapid solidification, powder 
metallurgy, and large plastic deformation and dynamic recrystallization.  
Surface deformation reinforcement method is to use the work piece surface shape 
deformation strengthening, residual pressure is produced. The stress prevents the 
expansion of the fatigue crack, so as to prolong the fatigue crack extension stage, 
improve the fatigue life. The main means including shot peening, rolling and extrusion 
three, and shot peening treatment. Using high-speed projectile continuous injection is to 
the material's surface to the surface of work hardening. The study found pill treatment 
can obviously improve the fatigue performance of AZ31 Mg alloy. Processing also is 
not everything, after shot peening treatment of AZ80 Mg alloy fatigue life was not in 
NaCl aqueous solution. Rolling the same using the principle of strong shape 
deformation deformation strengthening is another possible way. After the fatigue 
strength increases by 12%, it is mainly residual compressive stress and a lot of 
dislocation density combination.  
Surface coating treatment, it is an increase in the corrosion environment of the 
effective methods of Mg alloy fatigue, serving for coating and Mg alloy surface 
corrosion medium can be separated, and thus to minimize damage, reduce 
environmental media and improve the fatigue life of Mg alloy. Eifert [21] etc. research 
163 
 
shows that: no matter how the thickness of the membrane layer, surface anodic 
oxidation film can make WE43A Mg alloy under the condition of high weekly cycle 
fatigue strength of the reduced about 10%, but can improve the alloy under the 
condition of low cycle fatigue strength. While anodic oxidation coating treatment can 
improve the AM50 and AZ91 Mg alloy in the seawater corrosion fatigue strength and 
fatigue life, increase of AZ91 Mg alloys and aluminum content is relatively higher [12, 
19, 22].  
Usually, the fatigue strength of materials is with the material is closely relative to 
the static strength. Fine grains as a form of reinforcement material is also an effective 
way to improve the fatigue life of Mg alloy. Add Zr in Mg alloys melting process, Sr, Ti 
and rare earth elements or some plastic deformation means such as Mg alloy can refine 
grain. One research shows that the extrusion of AZ31 Mg alloy after 4 way second-class 
channel angular extrusion, clear grain, in constant strain amplitude control fatigue 
experiments, the fatigue life is higher than the conventional extrusion state [23]. Grain 
refinement is a kind of a potential method to improve the fatigue performance of Mg 
alloy with texture.  
According to reports in the literature [13, 22], through heat treatment can improve 
the fatigue performance of Mg alloy. It has been shown that solid solution and the 
processing can be to work to improve state extruded AZ31 Mg alloy under the low and 
total strain amplitude of cyclic deformation resistance. Solid solution and the processing 
can be effective improving extrusion in a state of AZ31 Mg alloy under the high plus 
total strain amplitude, the fatigue life [24]. Li [25] did heat treatment on AZ81 Mg alloy 
extrusion deformation fatigue life have a significant impact, including solid solution 
treatment and solid solution plus aging treatment can effectively improve the extrusion 
deformation AZ81 Mg alloy under the strain amplitude control of fatigue life. Chen [26] 
and other research has shown that different heat treatment effectively improve extrusion 
Mg - 7% Zn - 0.6% Zr Mg alloy under the low and total strain amplitude of cyclic stress 
amplitude. Heat treatment improves extrusion deformation of Mg alloy under the high 
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plus total strain amplitude fatigue life.  
 
5.4.4 Effect factors on fatigue limit  
Microstructure in the fatigue behavior of Mg alloys has a significant impact. 
Existing studies have shown that [8], in a high cycle fatigue area, after solid solution 
treatment of AZ91E die-casting Mg alloys can be differ two orders of magnitude, the 
fatigue life of the fatigue life of the difference can be attributed to the secondary 
dendrite spacing and non-uniformity of grain size, because the average secondary 
dendrite spacing and grain size on the fatigue crack propagation rate, great influence, 
especially when the fatigue crack scale is small, the effect is more significant. For sand 
mold casting Mg, Zn, Zr alloy, regardless of is the as-cast and heat treatment, grain size, 
the more bulky, fatigue strength is lower. In addition, in the case of stress intensity 
factor range is small, the inside of the Mg alloy dislocation density is higher, the fatigue 
crack propagation rate is lower [27]. During fatigue deformation, stress can induce 
deformation in the crack front plastic zone twin, since then, under the effect of tensile 
stress, the micro cracks and deformation twin cracking. In precipitation down the 
distribution of grain boundary condition, the open of fatigue crack front plastic zone 
will make the grain boundary in the bonding strength of lower. Grain boundary of the 
plot in the bureau and micro cracks formed by twin cracking under the joint action of 
material transgranular fracture will occur.  
In Mg alloy smelting process inevitably will introduce some inclusions, the 
inclusions will produce a great impact on the fatigue behavior of Mg alloys. For 
example, for the state extruded Mg alloy, the stress control loading mode, the surface or 
sub-surface inclusions can cause stress concentration, and initiation of fatigue crack [28]. 
In general, the lower the applied stress amplitude, the influence of the inclusions on the 
fatigue life of Mg alloys is more significant. If the inclusions are pointed, the dangers of 
its fatigue resistance of Mg alloys are bigger. In addition, the uneven distribution of 
inclusions, and reduces fatigue strength of Mg alloy.  
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On fatigue crack growth behavior research has shown that Mg alloy fatigue crack 
extension is closely related to environmental factors. AZ91 Mg alloys in different 
environment is such as dry and wet air, argon in the fatigue crack growth behavior was 
studied, and put forward the oxygen in the air that can cause fatigue fracture surface 
oxidation, thus in the fatigue fracture surface form a layer of surface oxidation film, and 
the emergence of this kind of hard oxidation film will hold the covered area of the 
plastic deformation of matrix, and promote the hydrogen embrittlement damp 
atmosphere [29]. Therefore in the humid atmosphere, fatigue crack propagation 
threshold value tend to be lower, the fatigue crack propagation rate will greatly increase 
due to hydrogen embrittlement. Under high cycle frequency, the fatigue crack 
propagation rate of in the air and argon were similar, but with the loss of the cycle 
frequency, the fatigue crack propagation rate in the air will be higher than the rate of 
expansion in the argon gas, this is because the oxidation reaction rate depends on time 
and so on the low cycle fatigue fracture under the frequency of oxide film layer thicker 
than under high cycle frequency, and oxidation film of brittleness is very big [30], 
therefore, its influence on fatigue crack growth rate under low cyclic frequency is more 
significant.  
If Mg alloy specimen surface polishing, due to some surface defects can be used as 
a source of fatigue crack, will reduce the fatigue strength Mg alloy [14, 31]. Surface 
anodic oxidation film were investigated after solid solution and aging (T6) deals with 
the influence of fatigue strength of WE43A Mg alloy [21], the results show that no 
matter how the thickness of the membrane layer, surface anodic oxidation film can 
make WE43A Mg alloy under the condition of high weekly cycle fatigue strength of the 
reduced about 10%, but it can improve the alloy under the condition of low cycle 
fatigue strength. At the same time also put forward, on the surface of the anode 
oxidation film not only affect the fatigue crack initiation process, but also by changing 
the crack propagation channel and impact fatigue crack extension process.  
Under the condition of vacuum, at room temperature fatigue of Mg alloy stripe is 
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not clear, irregular, whereas when low temperature fatigue of Mg alloy stripe like in the 
air just as clear and rules for Mg alloy, when the temperature from 353 K to 403 K, the 
fatigue crack tip plastic zone size is reduced, and the fatigue crack growth rate as the 
temperature is lower and lower. The study shows that the deformation behaviors of the 
die cast Mg alloy AZ91 cycle under room temperature and 403 K, the strain fatigue life 
data is a good way to follow the Coffin - Manson's law [32], and the strain amplitude 
and fracture load of reverse cycle curve of the relationship between the present single 
slope behavior. The high temperature, Mg alloy fatigue s-n curve and room temperature 
are roughly the same shape, but its fatigue strength is reduced, the fatigue life shortened. 
In addition, with the increase of temperature, the casting of Mg and Mg alloy fatigue 
notch sensitivity is reduced, such as more than 493 K, the notch sensitivity of Mg alloys 
is almost entirely disappeared [33].  
    As the highest fatigue limit in the present falls in AZ31 alloy, the strong basal 
textured Mg alloys seem to have better fatigue properties than that of weak basal 
textured Mg alloys. Mechanical properties and deformation behavior of metal materials 
are caused by the lattice structure. In polycrystalline alloy, the material performance is 
not the simple sum of single grain performance is closely related with grain 
arrangement. When grain orientation focused on certain direction, known as the 
preferred orientation, has a preferred orientation of polycrystal organization, called the 
texture. Texture is common structure of metal material, such as casting due to the choice 
of crystal nucleus growth and form the columnar crystal casting texture, grain size in the 
process of plastic deformation due to the directional rotation and orientation of 
directional flow deformation texture and recrystallization annealing process after the 
deformation of the crystal nucleus directional growth and choice of recrystallization 
texture. With preparation of Mg alloy ingot billet casting method, its grain is often no 
obvious preferred orientation, but in the subsequent forging, extrusion, rolling, drawing, 
and plastic deformation in the process, because of Mg alloy unique six-party lattice 
structure, close to the base sliding critical points of the shear stress is far less than the 
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slip system [34]. Therefore, under the condition of normal temperature Mg alloy is easy 
to arouse glide base surface, the result of the slip makes most grain base surface is 
perpendicular to the direction of compressive stress, leading to the formation of texture. 
In Mg alloy extrusion, it shows drawing and unidirectional compression in the process 
of plastic deformation such as fiber texture. Studies have shown that Mg alloy fiber 
texture rendering characteristics of basal orientation, namely the extrusion direction, 
show that extrusion of {0001 plane > and < 1010 > crystal ED in parallel to the 
extrusion direction, the unidirectional compression time base plane perpendicular to the 
direction of compression. Within for rolled Mg alloy, Mg alloy in the process of rolling 
forming (0001) < 10-10> base texture, namely (0001) basal plane parallel to the rolling 
plate, < 10-10 > crystal to parallel to the rolling direction. The texture components is 
made from plastic deformation in the process of (0001) basal slip and (10-12) caused by 
twin cone drawing. But the base surface texture to shatter degree by many rolling 
process parameters such as rolling temperature, rolling times, including a reduction, the 
slab thickness and the influence of such factors as the roll diameter.  
At the same time, processing temperature and the alloy elements to a certain extent, 
change the texture of Mg alloy components and intensity, which by changing the 
processing temperature of reference plane and the critical points on the surface of the 
base shear stress, and the alloy elements (especially rare earth elements) by changing 
the dislocations can affect the mode of plastic deformation of Mg alloy to influence the 
texture features. Random orientation of polycrystal has isotropic in the macro 
mechanical properties, once the render texture [35], will show the anisotropy. The 
anisotropy of polycrystalline Mg alloy depends mainly on two factors: the 
corresponding single crystal anisotropy of Mg alloy, and the grain orientation 
distribution function in polycrystal. The former is decided by the lattice structure and 
plastic deformation mechanism of Mg, while the latter and the chemical components, 
materials and processing technology and deformation stress state and so on.  
In Mg alloys, the mechanical properties of grain size and grain orientation 
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distribution function of the comprehensive effect, and the mechanics behavior of some 
of the characteristics of Mg alloy single crystal is similar [36]. Rolling texture features 
AZ3l Mg alloys was studied, found that the intensity profile of the base pole figure was 
oval, to the rolling direction (RD) and transverse direction are extended, most grain base 
basic parallel to the rolling surface, but leaning to RD.TD sample, therefore, the slip of 
the base level of Schmid factor is small, and the other on the direction of slip system 
(especially cylinder < a > slip are more likely to be activated, resulting in the strength of 
the TD sample and plastic were higher than in RD. The fatigue property of metal 
material is closely related to the static mechanics performance, depends on the strength 
of materials, high cycle fatigue and low cycle fatigue performance depends on the 
material plastic. From this point of view, rolling the TD sample of Mg alloys is high, the 
low cycle fatigue performance is better than that of RD sample, but the basic symmetry 
rolling texture in the rolling surface, so the difference is not significant. The results 
confirmed the above conclusion. At the same time found the TD sample fatigue fracture 
of necking, toughening nest large and deep; fatigue specimens show that the 
macroscopic shear fracture, toughening nest small and light, it also suggests that the slip 
deformation mechanism of different direction is different. Park and others also rolled 
AZ31 Mg alloy was studied in rolling direction RD and normal differences in low cycle 
fatigue properties of ND. Due to rolling of Mg alloy surface parallel to the rolling plane, 
caused the fatigue along different direction, twinning and dislocation trigger different 
order. Along the mill to the tired, tensile stage is given priority to with dislocation, the 
compression stage is given priority to with twin. And along the normal fatigue, think 
twin main tensile stage, stage of compression is given priority to with dislocation. Due 
to the tensile yield stress is far less than that of twin glide base surface, thus to cycle 
along the rolling deformation is positive when the average tensile stress, and along the 
normal fatigue is negative when the compression stress on average, have method to 
higher than the fatigue life of rolling to life. However, Wu for rolling AZ31B research 
has shown that, although the average tensile stress to cycle along the rolling 
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deformation, the method to compress the average stress formed during fatigue, but the 
method to lower than the fatigue life of rolling to life .Alloy composition, therefore, 
loading conditions (including load order) could affect the fatigue life, fatigue life and 
cannot simply be attributed to the average stress. Texture can not only influence the 
fatigue life of Mg alloy, some organization characteristics also play an important role in 
the fatigue life. Wang et al. [37] on AZ3l Mg alloy extrusion, obtained a unique in 
parallel to the direction of the extrusion panel structure. High cycle fatigue experiment 
results show that when the tiredness of the parallel direction along the strip, the crack is 
lath structure block, crack propagation rate is relatively small, leads to a longer fatigue 
life. Fatigue specimens and vertical direction along the strip, there are more tiny crack 
to produce, in the process of spreading gradually converging into a larger crack, crack 
propagation rate is larger at the same time, reduces the fatigue life. Because of the 
existence of the structure of the Mg alloy strip, its state curve in the platform. They also 
studied the high cycle fatigue properties of AZ31 Mg alloy rolling state, in the direction 
of RD and TD, which have appeared in the platform, but the two did not show the 
different high cycle fatigue life [38].  
In order to improve the strength of Mg alloy, aging become one of the important 
means of technology. In general, Mg alloys can be divided into two categories: alloy can 
be aged alloy and the effectiveness. Can be aged alloy generally precipitate along the 
base level, the second phase particles such as precipitation along the prism surface, can 
effectively prevent basal slip dislocation movement, or along the base exists a large 
amount of precipitated phase [39, 40]. For the limitation of alloy, aging effect on the 
mechanical properties of Mg alloys is not big, the fatigue performance of this kind of 
alloy research very little. For aged alloy (such as with AZ81 alloy AZ61), because of the 
potential industrial application value, many researchers conducted the study of second 
phase particle on the properties of fatigue. In general, the second phase particles help 
crack nucleation, especially in the second phase on the surface of the material. This is 
mainly attributed to the grain is easy to cause stress concentration in the matrix. A 
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dopted such as increase of Mn content in Mg alloys, to make the particles of different 
size [41, 42]. Their experiment results show that only when the particle size to a certain 
extent, granular material itself as a form of crack. In particles, crack nucleation and 
grain no connection, the crack nucleation may be related to different slip or twinning 
systems.  
Fatigue life is not only related to the crack nucleation, but also affected by the 
crack propagation rate. Mg alloy in the second phase particles are relatively hard, 
general expression for the crack under external force, instead of separating from the 
matrix. For larger particles, due to the stress concentration under large, relatively easy to 
rupture and become main part of the crack, drive the crack extension [43]. For the 
diffuse distribution of small particles, it can restrain the extension of crack, containing 
larger particles sample fatigue fracture, there are many particles found in the region of 
the fatigue crack propagation, and on the fatigue fracture of small particles is difficult to 
find the existence of particles. Also found that when Mn content is less than 0.6% 
(weight percentage), with the increase of Mn content, the fatigue life is longer, but when 
Mn content is beyond this range, easy to form larger particles, but led to a substantial 
reduction in fatigue life. Change the aging process, obtain different particle size of Mg 
alloy, through fatigue test also had similar conclusions [44]. At present it is generally 
believed, therefore, small and uniform distribution of particles is helpful to improve the 
fatigue life of materials, but is only a qualitative understanding of the specific particles 
can be refined to what extent, cannot drive crack nucleation, and can inhibit the crack 
extension, has not been a clear conclusion.  
Due to the deformation of Mg alloy no casting defects, so there is no fatigue limit 
and usually has better fatigue properties than cast Mg alloys. Yang [45], found that 
AZ31 Mg alloy under high cycle fatigue s-n curve of a trend of decreasing, and no 
asymptote, under the 109 cycles time the fatigue strength of 88.7 MPa. Zhang et al. [46] 
used the squeezed state extrusion of AZ31 Mg alloy and its annealing states state of 
AZ31 Mg alloy were constant strain amplitude control low cycle fatigue experiments, 
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the Coffin - Manson curve drawing, two of the state of the Coffin - Manson curve are 
presented bilinear behavior, squeezed state due to the higher dislocation density is 
higher than in annealing state of fatigue life. Park [47] on the AZ31 Mg alloy rolling 
state on the low cycle fatigue experiment, from the perspective of the fatigue curve of 
drawing, ND the direction and the direction of the RD fatigue curve linear feature, and 
the fatigue life is higher than the RD direction in the direction of ND fatigue life, this is 
due to the average stress is compressive stress in the direction of ND RD direction of 
average stress caused by tensile stress.  
Fatigue of Mg alloys includes stages of fatigue crack initiation and crack 
propagation. The pure Mg, Mg - Al and Mg - Li appeared in the process of Mg alloy in 
the fatigue cycle hardening phenomenon such as [48], these are associated with the 
dislocation density of Mg alloy. For age hardening Mg alloy, because of the influence of 
precipitated phase cyclic hardening and cyclic softening may occur. Mg - Al Mg alloy 
after aging hardening, due to the precipitation of coherent precipitate, go against the 
movement of the dislocation, so with the increase of dislocation density of cyclic 
hardening. For Mg alloy contains no casting defects, the fatigue crack initiation is 
usually dislocation and grain boundary or twin boundary, or dislocation and dislocation 
interaction to form stress concentration caused by the micro crack initiation. Under high 
cycle fatigue, elastic incompatibility is widely considered to be the main reason for the 
crack initiation, and low cycle fatigue crack initiation mechanism has not yet come to 
the conclusion. From the crack initiation location of casting Mg alloy most of the 
fatigue crack initiation in the casting defect, and the deformation of Mg alloy initiation 
location on the surface of the specimen surface or time. Due to material internal grain 
restraining each other, plastic deformation is relatively difficult. In near the surface of 
the material, the constraints are relatively small, the material easy happening migration, 
under the action of force, easy to form a twin. Due to the twin with carrying a large 
amount of plastic deformation, make the material surface rough, easy to cause the 
formation of small crack [49]. Through the design of different grain boundary, single 
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crystal copper is studied systematically and the twin boundary effect on the fatigue 
damage behavior and the fatigue damage is not simple is the role of grain boundary 
itself, but mainly comes from the interaction of PSB and grain boundary. And it is 
concluded that the three main types of grain boundary effect on the fatigue damage, and 
it is concluded that the crack initiation easily order: low Angle grain boundary stay slip 
band and large angle boundary. But they are involved in the grain boundary is mainly 
ordinary large angle grain boundaries, small angle grain boundary, and special grain 
boundary, but did not reveal twin boundary surface role in the fatigue cracking process 
[50]. Recently, the existing literature shows that the fatigue crack initiation in twin [51] 
on the belt or twin boundary. Mg alloy fatigue crack extension is through the merger of 
the small crack extension path depends mainly on the microstructure state and 
temperature, room temperature fatigue crack extension along the interdendritic area 
commonly, receive a high temperature can be directly through the interdendritic area 
expansion. Extension is mainly controlled by shear stress, usually show cleavage 
fracture characteristics, crack morphology for twin and slip and strong change, 
sometimes in toughening nest on the fracture surface of Mg alloy which is mainly 
composed of micro holes of polymerization. Huang et al. [52], the as-cast fatigue crack 
growth behavior of AM50 Mg alloy found cracks under cyclic load at the grain 
boundary of alpha Mg matrix phase initiation, then along the interface between the 
alpha Mg and crystal extensions, but will not throughout the alpha Mg grain, and when 
the applied stress is close to or more than the alloy yield, fatigue crack due to grain 
boundary sliding will split ends. Theo in the high cycle fatigue deformation of AZ31 
Mg alloy extrusion state in the early initiation of the crack in the first place in the 
Mg17Al12 particles, then with type I and type II transgranular mixed mode expansion 
[53].When adding stress amplitude slightly above the fatigue limit of alloy, the fatigue 
crack extension will be subject to the grain boundary effect, will happen at this time the 
plane slip, results in a significant increase in height difference between fracture on both 
sides of the crystal. When due to stress cycle to achieve enough to overcome the crack 
173 
 
front of accumulated energy of grain boundary block, fatigue cracks can be extended 
across the grain boundary and the adjacent grain. After that, by the planar slip in grain 
boundary location accumulated energy will be released, on both sides of the rupture 
surface height difference between the crystal significantly reduced accordingly.  
 
5.5 Cyclic strain hardening  
The present work also shows a contrasting hardening behavior below the proof 
stress between Mg-Y and AZ31 alloys. AZ31 alloy having the proof stress of 85 MPa 
showed negligibly small hardening constant at max = 40 MPa, and slightly increased at 
70 MPa. Finally at 100 MPa, hardening constant became a large value that was 
accompanied with the appearance of prismatic slip traces on the tested sample surface. 
It had been well known in AZ31 alloys that micro-yielding occurs by basal slip and 
twinning below proof stress, and that macro-yielding occurs by non-basal slip above 
proof stress [23]. These results had led us to conclude that the cyclic hardening in AZ31 
alloy was not caused by basal slip nor by twinning-detwinning but by prismatic slip that 
became active above the proof stress [1].  
In contrast, Mg-Y alloy shows notable cyclic strain hardening at max = 40 MPa 
below its proof stress of 68 MPa. With increasing max to 70 MPa and to 100 MPa, 
hardening constant increases monotonously. The notable hardening at 40 MPa can be 
attributed to the irreversible motion of dislocations, most likely of non-basal type. There 
are some reports suggesting the occurrence of non-basal slip in Mg-Y dilute alloys at 
room temperature [24-26]. Table 1-1 shows the critical resolved shear stress (CRSS) of 
possible deformation modes of pure Mg, AZ31 alloy, and Mg-Y alloys with different Y 
contents. Here, the CRSS value of Mg-0.6at%Y can be estimated by assuming linear 
extrapolation of the reported values of Mg-0.5at%Y and Mg-0.8at%Y alloys. It is 
clearly seen that the CRSS of prismatic slip is much higher than {10-12} twinning in 
pure Mg and AZ31 alloy. Therefore, AZ31 can exhibit the synchronous activity of basal 
slip and twinning at low stress, which leads to the hysteresis without notable hardening. 
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At high stress above the proof stress, prismatic slip becomes active and leads to 
hardening [1]. However, in Mg-Y alloys, the CRSS of prismatic slip is sharply reduced 
to be nearly equal to or lower than the CRSS of {10-12} twinning. Therefore, it is likely 
that the prismatic slip occurs at max = 40 MPa and contributes to cyclic strain 
hardening even below the 0.2% proof stress.  
The enhanced activity of non-basal slip has been reported in Mg-Y alloy and was 
considered to be a major reason for improved room-temperature ductility [33]. It is 
investigated the dislocation type of Mg-3wt%Y (Mg-0.84at%Y) after cold rolling to the 
thickness reduction of 3%. Among all dislocations analyzed by TEM, more than 30% 
were found to be pyramidal dislocations of screw type [28]. As is seen in Table 1-1, the 
CRSS of pyramidal slip is not shown in those references. However, the SEM images 
after cyclic test at 70 and 100 MPa suggest that pyramidal slip becomes active above the 
proof stress of 68 MPa. The evidence of heavy cross slip in the images also suggests 
that these pyramidal dislocations are of screw type.  
 
5.6 Summary  
5.6.1 The case of fine-grained Mg alloys  
1) AZ31 alloy has the highest fatigue limit, followed by 1.0Y, 0.6Y and 0.06Y 
alloys. The fatigue limit of all tested samples is between microyielding stress and 
macroyielding stress.  
2) There is a good relation between fatigue limit and yield stress. Higher yield 
stress corresponds to higher fatigue limit. The constant β can be used as a parameter to 
evaluate fatigue limit. Higher β value corresponds to lower fatigue limit.  
3) Only basal slip occurs below fatigue limit while non-basal slip occurs above 
fatigue limit. 
4) Non-basal slip is the origin of fatigue failure in Mg alloys with fine grains. 
Higher activity for non-basal slip leads to lower fatigue limit in Mg-Y alloys compared 
to AZ31 alloy.  
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5.6.2 The case of large-grained Mg alloys  
1) AZ31 has the highest fatigue limit, followed by 1.0Y, 0.6Y, 0.06Y and pure Mg. 
The fatigue limit of all tested samples is below their corresponding macroyielding 
stress.  
2) Although the relations between fatigue limit and mechanical properties are 
roughly matched each other, the relations are not in a linear behavior. Inversely, the β 
constant obtained from cyclic tensile test has an excellent relation with fatigue limit. 
Higher β constant corresponds to lower fatigue limit.  
3) Only basal slip occurs below fatigue limit while non-basal slip occurs above 
fatigue limit. {10-12} twinning-detwinning is activated at all stress levels except at the 
low fatigue limit of pure Mg.  
4) Pyramidal slip is the origin of fatigue failure in Mg-Y series while double 
twinning is the origin of basal textured AZ31 alloy. When non-basal slip occurs, 
dislocation tangles are formed by different slip systems and strain hardening is 
accumulated.  
 
5.6.3 Comparison between fine-grained Mg alloys and large-grained Mg alloys  
The same points contain:  
1) The fatigue limit is below the macroyielding stress.  
2) The constant β has a good relation with fatigue limit in both cases of fine and 
large grains.  
3) Only basal slip occurs below fatigue limit while non-basal slip occurs above 
fatigue limit.  
The different points contain:  
1) Grain refinement can improve fatigue limit.  
2) In fine grains case, the relation between β and fatigue limit is lying on the same 
slope, due to non-basal being easily activated in fine grains.  
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3) In large grains case, higher activity for non-basal slip leads to more serious 
strain hardening in Mg-Y alloys. Pyramidal slip is the origin of fatigue failure in Mg-Y 
alloys while double twinning is the origin in AZ31 alloy. 
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Figures  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5-1 Surface observation of 06Y sample after 10-cycle tensile test at different 
stress levels: (a) 40 MPa, (b) 70 MPa and (c) 100 MPa.  
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(c)  
Fig. 5-2 (a) Surface observation of cross-slip, (b) cross-section observation of 
cross-slip and (c) schematic illustration of cross-slip.  
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(a)  
(b)  
Fig. 5-3 Wavy lines on the surfaces of 06Y sample (a) the first typical region and 
(b) the second typical region.  
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(c)  
Fig. 5-4 (a) Wavy lines on the surfaces, (b) TEM bright field of cross-section 
taken by two-beam mode, incident beam direction is B = [1-210], (c) EBSD 
examination of cross-section by T-EBSD mode.  
187 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5-5 Schematic illustration of formation of slip-step on the surface. 
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(d)  (c)  
Fig. 5-6 (a) Wavy lines on the surfaces of 06Y sample, (b) TEM bright field of 
crack, (c) TEM bright field taken by two-beam mode, incident beam direction is 
B = [1-210], (d) schematic illustration of the formation of crack.  
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(c)  
(b)  (a)  
(d)  
Fig. 5-7 (a) and (b) Typical OIM maps of 06Y sample after cyclic tensile test for 
10 cycles at 70 MPa, (c) and (d) misorientation variations along two black lines 
in (b).  
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Fig. 5-8 Typical OIM maps of fine-grained 06Y sample after cyclic tensile test 
for 10 cycles at (a) 90 MPa, (b) 130 MPa, and (c) 140 MPa.  
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Fig. 5-9 Typical OIM maps of large-grained 06Y sample after cyclic tensile 
test for 10 cycles at (a) 40 MPa, (b) 70 MPa, (c) 100 MPa, and 100 cycles at 
(d) 40 MPa, (e) 70 MPa, (f) 100 MPa.  
 
(f)  (e)  (d)  
(c)  (a)  (b)  
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Fig. 5-10 Typical OIM maps of large-grained 06Y sample after cyclic tensile 
test for 10 cycles at (a) 40 MPa, (b) 70 MPa, (c) 100 MPa, and 100 cycles at 
(d) 40 MPa, (e) 70 MPa, (f) 100 MPa. Black lines are grain boundaries while 
blue lines are {10-12} grain boundaries.  
 
 
(f)  (e)  (d)  
(c)  (a)  (b)  
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 Fig. 5-11 Schematic illustration of formation of residual twins in Mg-Y alloy. 
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Fig. 5-12 Extracted grains from Fig. 5-8 and corresponding {0001} pole figures 
of in Mg-Y alloy. Black solid symbol represents matrix while blue open symbol 
represents normal or anomalous twin.  
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Fig. 5-13 Schematic illustration of anomalous twins[1]. 
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Fig. 5-14 The calculated β constant in Mg-Y and AZ31 alloys[2]. 
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Fig. 5-15 Schematic illustration of double twins in AZ31 alloy and {10-12} 
tension twins in Mg-Y alloy.  
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Fig. 5-16 Schematic illustration of no fatigue limit in Al alloys. 
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Fig. 5-17 Schematic illustration of the occurrence of fatigue limit in AZ31 alloy. 
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Fig. 5-18 Schematic illustration of the occurrence of fatigue limit in Mg-Y alloy. 
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Alloy  Texture  Precipitate  Origin of failure  
AZ31  Strong  None  Double twinning  
Mg-Gd-Y  Weak  A lot  Basal slip band  
Mg-Y  Weak  None  Pyramidal slip  
 
 
 
 
  
Table 5-1 Fatigue failure mechanisms in AZ31, Mg-Gd-Y and Mg-Y alloys. 
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Chapter 6 Conclusions  
    In the present work, the fatigue failure mechanisms of Mg-Y dilute alloys have 
been studied based on the dislocation plasticity. The tested samples contained strong 
basal textured pure Mg and AZ31 alloy, and weak basal textured Mg-Y alloys with 
different Y contents. Different homogenization treatment conditions were applied to 
obtain fine-grained Mg alloys with average grain size below 10 μm and large-grained 
Mg alloys with average grain size above 180 μm. The uniaxial tensile test, 
stress-controlled fatigue test and cyclic tensile test were all performed at room 
temperature. The surfaces and cross-sections of the tested samples were observed by 
OM, SEM, EBSD, FIB and TEM. The main conclusions can be drawn as follows.  
 
6.1 Summary of the present work  
1) Fatigue limit is below macroyielding stress and can be improved by grain 
refinement. AZ31 has the highest fatigue limit, followed by 1.0Y, 0.6Y, 0.06Y and pure 
Mg.  
2) Only basal slip occurs below fatigue limit while non-basal slip occurs above 
fatigue limit. Higher activity for non-basal slip leads to lower fatigue limit in Mg-Y 
alloys compared to basal textured AZ31 alloy.  
3) Pyramidal slip causes the serious cyclic strain hardening during fatigue cycles 
and is found to be the origin of fatigue failure in Mg-Y alloys.  
4) The constant β in cyclic strain hardening can predict fatigue limit very well in 
both cases of fine and large grains and in both cases of strong and weak texture. A 
higher β value corresponds to a lower fatigue limit.  
 
6.2 Novel points of the present work  
1) Although pyramidal slip is treated as a positive deformation mode under 
uniaxial loading based on many previous reports, pyramidal slip is found to be the 
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origin of fatigue failure of Mg-Y alloy. To serve as a structural material, the pyramidal 
slip of Mg-Y dilute alloy should be paid attention in the future application.  
2) Although weak basal textured Mg-RE alloys are of better plasticity compared to 
strong basal textured Mg alloys, the high activity for pyramidal slip increases the 
possibility of serious strain hardening during fatigue cycles. And the enhanced strain 
hardening leads to unexpected fatigue failure of Mg-RE alloys.  
3) Although the yield stress or ultimate tensile strength is used to predict the 
fatigue limit in most structural metals, it is lack of the consideration of grain size and 
texture. In the present work, it is the first time found that the β constant for cyclic strain 
hardening can match fatigue limit very well in both cases of fine and large grains and in 
both cases of strong and weak texture.  
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